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INTRODUCTION 


The Purpose of this Study 


That the inner zones of the adrenal cortex atrophy after hypophysectomy has 


been known for many years (Smith, 1930; Deane and Greep, 1946). Deane and 


Greep (1946) found that the average cross-sectional area of zona fasciculata cells 
declined from about 70 u 2 in the intact animal to about 30 u 2 in the hypophys- 
ectomized animal with most of this change occurring within the first two weeks 
after pituitary removal. Accompanying this decline in cell size is a coalescence 
of the lipid droplets which then disappear after several months have elapsed. The 
zona glomerulosa of the rat does not undergo marked changes after hypophys- 
ectomy. 

Electron microscopic examination of zona fasciculata cells from intact and 
hypophysectomized rats has revealed a reduction in the amount of smooth sur- 
‘faced endoplasmic reticulum and alterations in the size of mitochondria as well as 
changes in shape of mitochondrial cristae (reviewed by Idelman, 1970). 

Attention has been focused on the zona fasciculata because it is the largest 
zone of the rat's adrenal cortex (deGroot and Fortier, 1959) and it undergoes 
the most pronounced changes after hypophysectomy (Deane, 1962). At the ultra- 
structural level, alterations " the size and numbers of lipid droplets, smooth 
surfaced éidoplasmic reticulum and mitochondria have been closely observed. 
because of piochinien evidence that these organelles and inclusions contain 
cholesterol, the precursor for adrenal steroid hormones, as well as membrane - 
associated enzymes necessary for the conversion of cholesterol to these hormones 


(see review by Christensen and Gillim, 1969). It is assumed that alterations in 
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the volume and surface area of these structures will be a reflection of altered 
secretory activity. 

Several electron microscopic studies have been performed with the object of 
quantitating the ultrastructural alterations which occur after hypophysectomy . 
Nussdorfer and his co-workers have published a large number of papers which 
purport to quantitate changes in organellar reread and surface area after various 
maneuvers designed to stimulate or suppress secretion by the adrenal cortex of 
the rat (see Nussdorfer et alm 1974 for a list of references to this work). This 
research has the defect that, while they have determined the volumes of the 
organelles, they have lumped the intervening cytoplasmic matrix in an unspeci- 
fied way with one or more of the discrete organelles. Other workers have con- 


_ fined their attention to changes in mitochondrial number and size (Yago-et al., 
1971; Sekiyama et al., 1971). | 
None of the workers using quantitative morphologic methods have attempted 
a correlation of their ultrastructural findings with a functional property of zona ¥ 
fasciculata cells such as secretion of a steroid hormone. It is well known that 
the principal steroid produced by zona fasciculata cells is corticosterone (Bush, 


1953; Giroud et al.,1956). It should be pointed out that both the zona fasciculata 


and zona reticularis are assumed to produce corticosterone but that the relative 


| importance of the two zones for this process has never been clearly defined for 


the rat adrenal. 


Taking into account the defects in our knowledge outlined above, the objectives 


of this study can be defined: 
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1) to make a morphometric study limited to the zona fasciculata of the 


rat adrenal cortex. This morphometric analysis attempts to correlate 


alterations in structure of the parenchymal cells with changes in 


their function, i.e., the secretion of corticosterone, and 
2) to investigate and describe the fine structure of the zona intermedia 
and zona fasciculata as they appear after hypophysectomy . 


The Fine Structure of the Adrenal Cortex of the Intact Rat 


Since some knowledte of the ultrastructure of the rat adrenal cortex is 


necessary for understanding the changes that take place after the animal 


is hypophysectomi zed, a description of the adrenal cortex in intact and 


hypophysectomized animals will be given. 
A. The Zona Glomerulosa 

Surrounding gland itself is a capsule and 
elastic fibers. fibroblasts and sadinetaial smooth-muscle fibers. 

Directly beneath the capsule is the outermost layer of the onriex: the sone | 
glomerulosa. It is a rather narrow band of cells arranged in loops or arcades. 
The nuclei are large and oval to round in shape and contain peripheral hetero- 


chromatin and a well developed nucleolus. 


Certain features are common to the cortical cells of all the zones, but the 


main distinguishing characteristic is the morphology of the mitochondria 
(Sabatini et al., 1962; Idelman, 1966). The most | ERE pea feature of the 
cytoplasm of any cortical parenchymal cell is the quantity of mitochondria. 
This organelle fills every available cytoplasmic space. In the glomerulosa 


? 


the shape of the mitochondria is usually oval or elongated. The cristae are 
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a tubular; occasionally, lamellar or vesicular cristae are seen. 
| would like to explain the terminology used to describe the appearance of 
the cristae as seen in electron micrographs. Lamellar crista refers to a plate-like 
or shelf-like extension from the inner mitochondrial membrane into the matrix of 
» amitochondrion. is its appearance when cut in cross section If the plane 


of section is parallel with crista then only a blurred line is seen extending across 
the width of the matrix space. 

Tubular crista refers to a hollow, finger-like projection from the inner mito- 
Genera membrane extending into the pdtrix: These tubules are usual ly curved 
and sometimes follow a tortuous path. The origin of some of the tubules is lost in 

~the plane of section so that these cristae appear to float in the matrix space. Also, 
if some of the tubules are cut in cross section, they will present the appearance of 
circular profiles interspersed between the tubules. 

Vesicular crigta describes a sac-like or spherical crista. These appear as 
circular profiles suspended in the matrix It not these 
cristae are free or attached to the inner mitochondrial membrane. Serial sections 
of a mitochondrion or the use of thick sections observed with the high voltage 
electron microscope would help pane this point. Ocassionally, a small tubular 
neck can be seen budding off from one of these vesicular crista. 

Mixtures of the various types of cristae do occur but in the intact animal one 
type usually predominates. 

There is a well developed Golgi apparatus, usual ly perinuclear in location, 


consisting of stacks of parallel cisternae with associated vesicles. 
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The smooth-surfaced endoplasmic reticulum (SER) is quite prominent, has 
a tubular shape and fills the’spaces between the mitochondria and around the 
lipid droplets. | 

The rough-surfaced endeplecnie reticulum (RER) is quite scarce in all cells 
of the cortex of the rat. Many ribosomes occur free in the cytoplasm which are 
arranged, for the most part, in clusters. 


Microbodies are rarely found. When present, they are usually found as small 


- 


. spherical or ovoid bodies surrounded by a single membrane. Its internal structure 


is not remarkable in that it seems to be composed of a diffuse amorphous substance 
of light to moderate density. These structures are also known as peroxisomes 
because they have been found to contain the enzyme catalase. 

There are several structures present in the cytoplasm of adrenal parenchymal 


cells which | will collectively call "residual bodies" on the recommendation of 


Long (1973). These lysosomal or lysosome-like bodies are bounded by a single 


membrane and take a variety of forms. Sometimes they appear as small round 
multivesicular structures or as very small dark osmiophilic granules. At other 


times they can be visualized as much larger electron-dense circular objects. 
Finally, they can contain fine granular material and be of highly variable shape and °’ 
size at which time they are usually referred to as lipofuscin pigment granules. 


Residual bodies exist in all the zones of the cortex but increase in number in the 


deeper zones; the greatest quantity are in the zona reticularis adjacent to the 


medulla. 


Lipid droplets are prominent features of the cytoplasm. There is a moderate 
amount of lipid in the zona glomerulosa. The lipid droplets are spherical, 
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electron-dense bodies usually surrounded by membranes of the SER, often 
giving the appearance of being membrane bee. Higher magnification usually 
reveals, however, that there is no true trilaminar structure of a unit membrane 
present. Some investigators, nevertheless, believe that lipid droplets are 
surrounded by a single membrane (Rhodin, 1971; Fujita, 1972). 

Glycogen in the form of beta glycogen particles is distributed throughout the 
cytoplasm but often exists in clumps. Free glycogen particles can be confused 
with ribosomes but are somewhat larger and more electron dense. 

B. The Zona Intermedia 

This zone, sometimes referred to as the transitional zone (Deane and Greep, 
1946), is found as a narrow band one to four cells thick between the zona 
glomerulosa and the zona fasciculata. Ttis ; comparatively lipid-free zone and has 
also been called the sudanophobic zone (Reiss, et al., 1936). 

Cater and Lever (1954) have shown that the zona intermedia is not evident. 
in intact rats between 42 and 182 days of san: Since the rats used in this study 
fall within this age range (51-52 days old), the fine structure of the zona inter- 
media in the intact animals could not be documented. The following description 
of the zona intermedia is aiid on the work of Yoshimura et al., (1968), who used 
older rats, in order to provide a baseline for my observations on this zone in | 
hypophysectomized animals. 

The zona intermedia of the adrenal cortex of tHe intact rat possesses most of 
the characteristics of the other zones of the cortex, that is, an abundant seiaate 


of SER, very little RER, a well developed Golgi apparatus, many free ribosomes, 


a small number of residual bodies, and a considerable quantity of glycogen. It 
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C. The Zona Fasciculata 


as the object of study in the present investigation. 
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must be remembered that the principal distinguishing characteristic of the zona 
intermedia is its paucity of lipid droplets. Secondarily, the shape of the 
mitochondria and the type of cristae present within the mitochondria are also the 
most noteable features of this zone. The mitochondria are large, irregular in 
shape, and contain long tubular cristae (Yoshimura et al., 1968). 

Just deep to the hirmediéie zone is the largest zone of the adrenal cortex, the 
zona fasciculata. The cells of this zone are arranged in parallel cords or strands 
several cells wide separated by capillaries extending inwards towards the medulla. 

Each polygonal cell, which is somewhat larger than its ec Fe counter- — 
part, contains a large round nucleus with a conspicuous nucleolus. me ay 
fine structure is similar to that mentioned above for the glomerulosa but with 
certain differences. The greatest quantity of lipid appears to be icaneitea in 
this zone und once more the mitochondria provide the most striking basis for 
distinction. The mitochondria are usually round and contain vesicular cristae 
(Figures 1 and 2). Some mitochondria are oval or irregular in shape, but the 
greatest proportion are circular in profile and thus spherical in three dimensions. 
Occasionally, tubulo-vesicular cristae are observed; nonetheles’ by far the 
majority encountered are vesicular. | 

Because of its size and because of its importance as the major producer of 
glucocorticoids secreted by the adrenal cortex, the zona fasciculata was selected 
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D. The Zona Reticularis 
The parallel strands of the fasciculata, as they approach the medulla, fuse 
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_ together to form an irregular network of cells interspersed with capillaries. 
This, then, is the zona reticularis, the innermost zone of the cortex which 


borders on the medulla. 


The ultrastructure resembles that previously described but with a few 


variations. The cells are somewhat smaller and there appears to be less 

j lipid present than in fasciculata colts. The mitochondrial appearance is the 
chief distinguishing feature of this zone. The mitochondria in shape and size 
resemble those of the fasciculata except the cristae are mainly tubular. At 
times tubulo-vesicular cristae are discernible. Residual bodies are more 
numerous in this zone than in any of the more superficial layers of the cortex. 


The Fine Structure of the Adrenal Cortex of the Hypophysectomized Rat 


A. The Zona Glomerulosa 

Except for a gradual widening, this zone is largely uneffected by hypo- 
pterenitanny (Deane and Greep, 1946) . This could be predicted by the fact 
that the glomerulosa is not primarily under the control of ACTH rom the 
pituitary (Deane, 1962). 
B. The Zona Intermedia 

As is the case with the glomerulosa, the intermediate zone slowly widens 
with time after hypophysectomy (Lever, 1954). There is little mention in the 
literature of the ubresiesiructerel appearance of this zone following hypo- 
physectomy. Sabatini et al., (1962) report a a weeks after hypophys- 
ectomy mitochondria of the intermediate zone tend to resemble those of the 


glomerulosa of the intact animal. Presumably it was meant that the mito- 


chondria became oval in shape and contained short tubular cristae. Nothing 


further seems to be published regarding the fine structural appearance of 


the intermediate zone in the hypophysectomized rat cortex. 
C. The Zona Fasciculata 
The results of all of the earlier studies done on the fine structure of the zona 
fasciculata after hypophysectomy are highly questionable because of poor fixation. 
However, the occurrence of certain trends is of interest. Borowicz (1965) 
reported a decrease in the quantity of mitochondria while Sabatini et al., (1962) 
reported a decrease in size of these organelles following hypophysectomy. The 
latter authors found that 14 days after hypophysectomy, the type of crista present 
in mitochondria became variable. Some hae were vesicular, some tubuio- 
vesicular, and others appeared to be convoluted tubules. Nishikawa et al., 
(1963) found both a decrease in size as well as a decrease in quantity of mito- 
chondria after hypophysectomy. The quantity of SER was found to decline by | 
Sabatini et al., (1962) whereas Nishikawa-et al. , (1963) and Borowicz (1965) 
did not mention changes in the quantity of this organelle. Sabatini et al., 
(1962) were the only investigators that observed a decrease in the quantity of 
lipid droplets while Nishikawa et al., (1963) and Borowicz (1965) reported 
increases in the number of lipid droplets occurring after hypophysectomy. 
One of the — recent purely descriptive studies of the fine structure of 
the adrenal cortex of hypophysectomized rats is that of Fujita (1972). The 


latest techniques of fixation and embedding were following in the preparation of 


the tissues so that the quality of the cell preservation appears good from the 


electron micrégraphs presented . The time periods evaluated were 57°10, 
15, 20, 25, 30, 60 and 90 days after hypophysectomy, with tissdes taken 
from three animals in each group or time period. Ten to 25 days after 
hypophysectomy, there was a great increase in the number of electron - 
lucent lipid droplets occurring in most cells of the fasciculata and reti- 
cularis. He observed a qualitative difference in these lipid droplets as 
well since lipid droplets seen in similar cells from intact animals 
usually appeared somewhat more electron dense. Furthermore, lipid 

3 droplets in fasciculata and reticularis cells of intact wiles were usually 
encircled by membranes of the SER. In similar cells from hypophys- 
ectomized rats, many droplets were in contact with mitochondria. The 
mitochondria became quite variable in shape and size and the cristae were 
anek at converted to the tubular variety. Occasionally, giant mitochondria 
were encountered also contacting lipid droplets. The quantity of SER was 
considerably reduced. He noted that the nuclei decreased in size and 
became irregular in shape. Ninety days postoperatively the pycnotic 
process continued so that the nuclei were quite shrunken and electron 


dense. There was also a concomitant reduction in-cell size at this time 


¥ 
period. The lipid content increased until the cells were completely 


€ 
filled with this substance. Heterogeneous dense bodies (residual bodies) 


occupied much of the cytoplasm. In the extracellular space he observed 
~ an unusual accumulation of collagenous fibrils, macrophages and degenera- 


ting cortical cells. 
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Luse (1967) reported on male rats examined two years following hypophy- 
sectomy. pddsaiaddiain cells were found to contain a great quantity of 
residual bodies but were totally devoid of lipid droplets. The cortical tissue 
was heavily infiltrated with plasma cells and lymphocytes. It is evident that 
the lipid completely disappears after long-term hypophysectomy . 

D. The Zona Reticularis 

F Very little seems to have been published concerning the ultrastructural 
appearanée of the reticularis after hypophysectomy. One probable reason 
is that the distinction between the fasciculata and reticularis based on mito- 
chondrial differences becomes nonexistent about 10 days following hypo- 
physectomy (present observations). The authors of two of the publications 
mentioned above (Sabatini et al., 1962 and Fujita, 1972) referred to the 


fasciculata and reticularis as a single entity when describing changes 


observed after hypophysectomy . 


. Functional Zonation and Control of Secretions of the Adrenal Cortex 


It is generally conceded by most investigators in the field that the histolo- 
gic zonation observed in the adrenal cortex is accompanied by a functional 
zonation. This is to say, each zone in the cortex secretes certain hormones 
—_ have specific functions. This theory proposes that the inner zones of 
the fasciculata and reticularis are under control of ACTH naive the adeno- 
ey H stimulates the secretion of glucocorticoids from ts 


inner zones while the outer zona glomerulosa, which is relatively free of 


pituitary control, secretes mineralocorticoids. 
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This functional zonation theory was first advanced by Swann in 1940 and 
since that time has gained considerable aoa Ie support. More specifically, 
in reference to the rat, the zona glomerulosa secretes aldosterone ond zonae 
fasciculata and reticularis produce corticosterone. Giroud et al. (1956) and 
Sheppard et al (1963) have provided evidence for the zonation theory in the rat. 
It is possible to strip off the capsule of the 4drenal gland separating the gland fs 
into capsular and decapsulated portions. Histologic examination of the capsular 
portion has shown it to be composed of fibrous tissue and zona glomerulosa cells 
as well as a small number of zona fasciculata cells. Giroud et al. (1956) 
intubated both the capsular and decapsulated portions of the rat adrenal gland 
in precursors of steroid hormones and demonstrated that almost’all of the 
aldosterone was produced by the capsular portion of the gland while the 
decapsulated portion (containing the zonae fasciculata, reticularis and medulla) 
produced mostly corticosterone. In 1963, Sheppard et al. repeated the above 7 
experiment utilizing capsular and decapsulated rat adrenal glands but incu- 

3 bated in the presence or absence of ACTH to demonstrate that ACTH has little 
effect on the capsular portion of the gland but does stimulate the secretion of 
corticosterone by the decapsulated portion of the gland. 

While not part of the theory as criginally proposed by Swann, it is now 
generally thought that androgens are primarily mentiieload in the reticularis 
and to a lesser degree in the fasciculata (Jones and Griffiths, 1968). It is 


also believed that estrogens may be produced by the cells of the two inner 


zones but experimerital evidence for this concept is meager. For a more 


* detailed account ofthis subject, see the review by Griffiths and Cameron (1970). 
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As mentioned, the zona glomerulosa is relatively independent of ACTH 
control since the zona glomerulosa does not atrophy and the animal does not 
lose sodium when the pituitary is removed (Dean and Greep, 1946; Deane et. 


al., 1948). Control of the production of aldosterone is now thought to be under 


the influence of the complex renin-angiotensin system (see review by Ganong and 


Van Brunt, 1968). 

ACTH is necessary sie both growth and steroidogenesis of the rat adrenal 
gland. In vivo studies have shown that there are pronounced increases in 
adrenal weight, protein and nucleic _ content of the rat adrenal after pro- 
longed administration of ACTH (Farese, 1968). In vitro studies have demon- 
strated that ACTH enhances steroid output from cells derived from the decap- 
sulated portion of the rat adrenal gland (Sheppard et al., 1963) ' 

Following hypophysectomy, there is a dramatic decrease in the weight of the 
adrenal gland (Smith, 1930: Deane and Greep, 1946) and a similar decline in 


glucocorticoid secretion (Deane, 1962). Microscopic examination of the gland 
reveals atrophy of the two inner zones while the zona glomerulosa remains 
relatively unaffected. If hypophysectomized animals are then given injections 


of ACTH, the atrophic effects are reversed, and.the = returns to its 

normal morphologic appearance and hanctional activity (Deane, 1962) . Prolonged 
administration of ACTH to an intact animal causes hypertrophy of the fasciculata 
and reticularis with increased glucocorticoid output (Deane, 1962). If an 

intact animal such as the rat is given long-term injections of a potent gluco- 
corticoid such as corti costerone, effects similar to that of hypophysectomy are 


_ Produced in the adrenal cortex, i.e., loss of adrenal weight and atrophy of the 
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two inner cortical zones (Deane, 1962). . 


«Accumulated evidence has led to the present : of how the inner 


zones of the cortex are controlled. Corticotropin releasing factor (CRF) 
is produced by certain neurons of the hypothalamus. These neurons are 
sensitive to the circulating blood levels of glucocorticoids. Increased 
glucocorticoid levels produces decreased secretion of CRF and vice versa. 
Axons from these neurons end on portal blood vessels in the median emi- 
nence. This portal system carries CRF to the adenohypophysis where it 
stimulates the production and release of ACTH (Ganong, 1963; Mess and 
Martini, 1968). 


. Physiology of the Cortex 


Although many steroid hormones are elaborated by the adrenal cortex, 
only those pertaining to the rat will be mentioned in this brief account of 
adrenal cortical physiology. 

The principal mineralocorticoid secreted by the zona glomerulosa is 
aldosterone. Aldosterone is responsible for sodium resorption by the distal 
convoluted tubule of the kidney and the conservation of sodium by resorbing 
sodium ions from sweat, saliva and intestinal secretions, thus aiding in 
water retention for maintaining normal blood pressure and volume. 

Both the fasciculata and reticularis secrete corticosterone and androgens, 
but the fasciculata secretes primarily corticosterone while the reticularis is 
mostly with the production of androgens (Long, 1974). Corti- 


‘costerone, the principal glucocorticoid secreted by the rat's adrenal cortex 


(Bush, 1953 and Moses et al. 1969), has many effects, but for the most part 
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it increases the rate of gluconeogenesis, increases glycogen storage by the 
liver, and produces an anti-insulin effect by creating a hyperglycemia. It also 
causes an elevation in ci rculating free fatty acids released from adipose tissue 

_ and is necessary for the animal's resistance toa variety of stresses (Ashmore 


and Morgan, 1967). 
A. 
Stimulation of the secretory activity of the cortex causes the parenchymal 


cell to enlarge. Acute, severe stimulation can cause total loss of lipid droplets 


as can a severe, chronic stimulation. Chronic, moderate stimulation brings about 
an increase in nea but a decrease in size of lipid droplets (Desne, 1962). 
Conversely, decreased secretory activity of the inner two zones, as occurs 
after hypophysectomy, results in cortical cell atrophy. The lipid droplets 
apparently coalesce and their numbers increase, at least up to three months 
after pituitary removal (Fujita, 1972). Hypophysectomy for longer periods 

- brings about a total depletion of lipid from cortical parenchymal cells (Luse, 
1967). It is evident, therefore, that the quantity of lipid and the size of cortical 


L 


cells varies with physiologic activity. 


Figure 3 is a diagram of the biosynthetic pathways tales pri ncipal cortico- 


steroids. All of the enzymes responsible for this synthesis are associated with 
the waieaiian of mitochondria or endoplasmic reticulum (microsomes) R 
Christensen and Gillim (1969) provide a detailed review of the evidence for 
assignment of enzymatic activity to each of the subcellular comporfénts. 

One of the main assumptions made in quantitative morphology is that changes 
in the volume, number or surface area of an organelle will reflect synthetic 


' activity. Put another way, changes in surface area or quantity of a membranous 
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organelle will provide more or less area for the insertion of enzymatic 
proteins and will thus determine the synthetic activity of the cell. 


. Previous Quantitative Studies of the Rat Adrenal Gland After 


Hypophysectomy | 


A. Light microscopic Studies . 
1. One of the first reports on the effects of total ablation of the pituitary 
gland on the adrenals of the rat was that of Smith in 1930. Smith also: 
pioneered the paraphrayngeal approach to hypophysectomy which led 
to uniformly consistent total ablation of the pituitary. Prior to this time, 


hypophysectomy via the temporal approach utilizing thromic acid had 


been employed. Often the later method resulted in only partial des- 


truction of the hypophysis or damage to the brain or both leading to 


conflicing reports as to the symptoms produced. 

Smith found that the combined weight of the itil was reduced 
by some 60 to 89% in mate rats ‘easensiod fifteen days or more after 
hypophysectomy. In a further step, camera lucida tracings of serially 
sectioned glands from both intact and hypophysectomized animals were 
made... Planimetric studies were nartermed on these sections to 
determine the percentage of cortex and medulla in each gland. For 
intact rats the cortex occupied about 91% and the medulla about 9% of 
the total volume of the gland. Corresponding figures for the hypo- 
physectomized rats were about 75% cortex and 25% caiiie. The 


results demonstrated that the glandular atrophy was confined to the 


‘cortex with the medulla being relatively uneffected. He stated that 
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this atrophy wae not due to loss of cells but to a decrease in cyto- 
plasmic volume. 

2. In their classic paper of 1946, Deane and Greep repeated the 
quantitative studies of Smith, Male rats were studied 2, 4, 6, 8, 10, 14 , 
28, 56 and 136 days after pituitary removal. They found that the weight 
of the paired adrenal glands had declined by about 74% at the end of 

the 136 day periods as compared to intact controls; more than 50% of 

this loss occurred in the first 14 days. Using camera lucida tracings | 
of the largest section. of a gland, the areas of the cortex and medulla 
were determined planimetrically. The tracings indicated that the 


adrenal weight loss was due to shrinkage of the cortex. This decrease 


in cortical area amounted to about 50%. All of the decrement occurred in 


“athe first 14 days after hypophysectomy . A third experiment was con- 


ducted to learn if this decrease in cortical area was the result of cellular 
atte or loss “ cells or both. All of the cells in a standard-width 
segment of the cortex were counted from camera lucida tracings of 
hematoxylin-stained preparations. The area of this 
segment divided by the number of cells contained within it yielded the 
average area of one of the cells. The results indicated that the average ~ 
area occupied by cells declined by 50% ia the first two weeks, and 
virtually no change occurred after that time. The total number of 


cells in the standard segment remained constant for at least one month, 


thus supporting the conclusions of Smith made 16 years earlier that 
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-cortical atrophy wen due to shrinkage of cells rather than to decrease 
~in number of cells. 
lectrorMicroscopic Studies 
Several groups of investigators have applied stereologic methods to 

adrenocortical cells of intact and experimentally treated rats. A uniform 

method of presenting morphometric results has not evolved making penery 
a of data from various investigators either difficult or impossible. It is 
possible to discern trends which is all that will be emphasized in that which 
follows. 


Nussdorfer and his co-workers have reported a decline in cell volume of 


about 40% ten days after hypophysectomy (Nussdorfer and Mazzocchi, 
1972; Nussdorfer et al., 1973), whereas prednisolone treatment of intact 
rats induces a 52% decrease in cell volume in 4 jas (Nussdorfer, 1970b). 
Although the initial weights and ages of the animals used in these experi- 
ments are approximately the same, this group of workers reports the . 
absolute volume of fasciculata cells from intact animals as ranging from 
1,545 u , (Nussdorfer, 1970b) to 1,878 yu $ (Nussdorfer et al., 1973). THis 
is an 18% variation in the control values obtained by one laboratory. | 
Lipid inclusions are usually reported to increase in total quantity after 
hypophysectomy (Deane, 1962) although the information in this reference 


: 7 is non-quantitative. Canick and Purvis (1972) find a progressive increase 


in total volume of lipid per fasciculata cell up to 14 days after hypophys- 


..ectomy. By contrast, the Nussdorfer group reports a 5% (Nussdorfer and 


Mazzocchi, 1972) or a 28% (Nussdorfer et al., 1973) decrease in lipid 
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volume 10 days after hypophysectomy. Their control values differ by 47% in 


these two experiments. 

Relative volume of mitochondria in intact rats (the fraction of the total 
fasciculata cell volume occupied by mitochondria) show a wide variation 
in the values reported by several investigators. These values range from. 
28.4% (Nussdorfer, 1970b) to 41.9% (Nussdorfer and Mazzocchi, 1972) with 
a very high value of 47.5% being given by Magalhaes and Magalhaes (1969) . 
Sekiyama et al. (1971) observed a small increase in mitochondrial relative 
volume three days after hypophysectomy, and Nussdorfer et al. (1973) 


also find an increase in relative volume of mitochondria although the abso- 


~ lute volume per cell of this organelle exhibits a 50% decrease 10 days after 


hypophysectomy . 

The endoplasmic reticulum is found to decrease in absolute volume by 
40-50% during the 10 days following hypophysectomy (Nussdorfer and 
Mazzocchi, 1972; Nussdorfer et al., 1973). 

In all of the work reported by Nussdorfer and his co-workers, no mention 
is made of the portion of the cell | am calling cytoplasmic matrix, that is, 
the space intervening between the discrete organelles. Nussdorfer may 
have lumped this compartment with some other organelle, but since his papers 
are silent on this point, the data from Nussdorfer's laboratory cannot be 
meaningfully compared to my data or to that of other workers. In addition, 
iii signs of carelessness are evident in his papers. A particularly bad 

_ example is his paper of 1970 wherein the sum of the volumes of the individual 


components exceeds the reported total cell volume by 10%. 
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It is evident that wide divergences in normal values exist and that 
”r, 


further information is desirable... 


. Morphometry 


With the advent of morphometric techniques for quantitative analysis of 


internal cell structure on electron micrographs of tissue sections, a new 


&, 
dimension of investigation has been created for the cell biologist. These 


techniques were first applied to biological tissues by Loud (1962) and 
Weibel (1963). The major credit must go to Weibel and his associates for 


developing practical morphometric methods for use in any electron micro- 


scopic laboratory (Weibel et al., 1966; Weibel, 1969; Weibel and Bolender, 
1973) . ] 
Morphometry and stereology are two terms that are commonly 


employed interchangeably, but according to Weibel (1969) they are not 

synonymous. Weibel states that morphometry suggests the use of any \ 
quantitative method for describing structure, whereas stereology implies a 


| 
geometric analysis of profiles of two-dimensional structures to yield three- 


dimensional information about those structures. “Using these definitions, 
stereology is the more appropriate term for the present investigation, 

? 
but, regardless of which is used, the stereological method is an important 


research tool. Not only can structure be correlated with function by the use 


of this method, but it is an effective procedure that can detect the presence 


of structural changes that take place ; cells. Furthermore, these 


changes can be subjected to statistical analysis to determine if these changes 


are indeed significant. 
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A. Morphometric Principles 


tive information about the composition in three dimensions of tissue can be 


The principle upon which morphometric analysis is based is that quantita- 


derived from messurements taken from a two-dimensional representation of that 
tissue, which in the present case would be a photograph of a Slice of tissue. 
This relationship between the two and the siven-diteinnlacal properties is only 

true in a statistical sense in that a large number of measurements of two- 
dimensional profiles must be made to obtain average dimensions. Ina miere- 
graph, then, cross-sectional views of components depict volumes as areas, 
surtecns as lines, and lines as points. The usual method of measuring these 
various structures on a micrograph is to superimpose a test system of points or 
lines and to measure the number or length of these points or lines that fall on the 
component under study. The fundamental principle underlying this method is 
that of Delesse (1848) which states that the fractional volume occupied by the 
component i is equal to its fractional area in a random cross section. This 
principle has been further extended by Rosiwall (1898) and Glagoleff (1933) so 
that the fractional volume is also equal to the fractional length of random pene- 
trating lines or the fraction of random points contained within it. Using the 
notation of Weibel (1969) this can be summarized: 

Ww; 
This notation requires some explanation. The first capital letter refers to the 


parameter and the second capital letter, written as a subscript, identifies the 


reference system. Lower case letters identify the component to which the 


f{ parameter refers. Therefore, VW; is the volume fraction occupied. by 


Ay 
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the component i, An; is the area fraction of the section occupied by i, Li is 


the fraction of the test line intercepting i and Pp is the fraction of test points 


enclosed in i. 
We now have three methods of determining volume fraction Vy; (1) by 
measuring the area fraction of the component i through use of laborious planimetry, 
(2) by determining the lineal fraction of test lines running through the component i, 
or (3) by superimposing a regular point lattice on a micrograph and counting the 
points falling oni. The latter is the most efficient method because the measurement 


necessary is simply a counting procedure. Hennig (1959) also demonstrated that 


point counting procedures are for statistical reasons preferable to lineal integra- 

tion. For these reasons, point counting procedures were used exclusively in the 
. ye Present investigation for volume fraction determinations. 

nel Since the Delesse principle is so basic to an understanding of morphometric 

reasoning, a simple demonstration of the rationale behind it seems in order. 


A-thin section of tissue prepared for electron microscopy is about 600-800 A 


thick. For all practical purposes, all the components contained within this 


ssection have the same thickness, t, as the section itself. By adding all the 


cross sectional areas of the component i together, A;, and multiplying by t, 


the partial volume V; = Ait of the component contained in the section is obtained. 
The total surface area, S, of the section times t gives the total volume of the 


section Vo = Ast. The volume fraction of the component iis 


Wi; = V; = A;t = A; 


Vs As" 
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since the layer thickness t cancels out. Formal mathematical proof of the 


Delesse principle appears many times in the literature. Two of the more 
recent discussione are those of Weibel (1963), and Weibel and Bolender 
(1973). 

Membranes such as those of the SER appear in cross section as lines. 
The length of these lines found per unit area of micrograph is proportional 
to the area of the membranes per unit volume (Tomkeieff,“1945). The length 
of membrane profile can be measured by superimposing a test system of 
lines and counting the intersections of this profile with these lines. The 
area of membrane included in a unit test volume is called the surface 


density, Sy, (Weibel et al., 1966), 


where F is the number of intersections of membrane with lines of total 


L 


length Ly and |, is the number of membrane intersections per unit length 
of sampling line. Other parameters are available for morphometric analysis 
(see below) but relative volume and surface density are the two most 
pertinent to the ontnent study. 


B. Random Sampling 


Morphometric measurements are based on statistical and geometric 


principles. They originate from the probability with which profiles of struc- 
tures coincide with a suitable test system. Therefore, it is necessary that the 
tissue sample and test system coincide in a bias-free random process. This 


means that strict random sampling procedures must be adhered to at all 
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stages of the process from selection of tissue blocks to recording and 


analyzing the electron micrographs. 
The sample also should be representative of the re being studied. 
For this reason, the electron micrographs must be thoroughly dispersed 
throughout the entire organ or gland under investigation. Adequate sample 
dispersion can be achieved by simple or chance random sampling, systema- 
tic random sampling, or by stratified random sampling or by any combina- 
tion of these procedures. In the case of systematic random sampling, the 
dispersion of samples is sedi certain by their regular spacing within a 
sampling lattice. Although on the surface this procedure seems nonrandom, 
the sampling is still random as long as certain conditions are met. (1) The 
lattice is randomly applied to the tissue, and (2) the tissue is not composed of 
individual units preferentially oriented with respect.to the plane of section. 
Fortunately, most glandular tissue fulfills the latter condition by having 
their functional units randomly dispersed throughout the tissue (Weibel and © 
Bolender, 1973). Ebbesson and Tang (1967) have compared the three random 


sampling. procedures discussed and found that systematic random sampling 


gave the smallest standard error, simple random sampling gave the largest 


standard error with stratified random sampling standing midway between 
the two. 
In the present study, stratified random sampling and systematic random 


sampling proéedures were utilized. 
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C. Test Systems 


The test systems that are used for morphometric analysis usually take 


the form of regular lattices of points and lines. several of these test systems 
are illustrated in Figure 4. The-top two (A and B) are multipurpose test 
systems (Weibel et al., 1966) because they combine points (located at each end 
of the short linegZ) for estimating volumes, lines for estimating surface 
densities, and areas for estimating the length of curved features and for 
particle counting. The bottom test system (C) is a double-lattice test system 
which is useful for the estimation of the volume densities of ecards components. 
A scarce component is defined by Weibel (1969) as one occupying 5% or less of 
the cytoplasmic volume. Each point on the test systems represents an area: 
For the multipurpose test system composed of short test lines of length Z whose 


end points are arranged in a regular triangular lattice, the lattice unit is 


not a square but rather an equilateral rhombus of area a = ‘ax Each 


point on this system is equal to the areaa = 7213 | For the double-lattice 
2 

test system, the lattice unit is the small square c2 so that each point 

represents the area a = c*. Therefore, it can be seen that each point in 


either of these test systems is equal to an area, and this area is equal to a 


volume by Glagoleff's principle (1933) as previously discussed. The composi- 


tion of the double-lattice test system is arranged so that every g-th line is 
drawn heavier than the others. | . 


Estimation of the relative volume Vv; of the scarce component i is quite 


efficient because it only requires counting the number of. fine cross-points P; 
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falling on i and the number of coarse cross-points P. falling on cytoplasm 


to yield Vv; by the formula 


Ww; = 


The construction of the test systems depends on several factors. In 
_ essence it can be said that the optimal density of points depends on the size 
and frequency of the component under investigation. Thus, it is necessary to 
make preliminary measurements or. counts of the components under investiga- 
tion for the particular tissue being studied to determine these size and 
frequency factors. In the.case of the double-lattice test system for studying 
scarce components, at least one point should fall on every profile of the com- 
ponent to prevent underestimation. The distance should be chosen so that 
c? is similar to or somewhat sinaltor than,the mean profile area of that scarce 
component. Similarly, in the case of the multipurpose test system, the area 
a= 2? V3 should be selected so that it is somewhat larger than the maximal 
profile area of the structure of reine in order that no more than one point 
can fall on the same profile. For further details on this point, the reader is 
referred to the treatises of Weibel (1969), and Weibel and Bolender (1973). 

For the purpose of estimating volume densities, it is important to know 
the total number of points that need to be counted in order to keep the 
relative error to a certain level. The peletioratio between relative error 

} 


in volume density estimation EY, and test point number P+ is shown 


in a graph (Figure 5). In actual practice, the volume density of-a component 
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is roughly estimated on a few micrographs. After selecting an acceptable 
relative error, the test point number is read from the abscissa. 


As an example from my work, a preliminary mitochondrial count of the 


intact control tissue revealed that the mitochondria occupied about 40% of the 


cytoplasmic volume. In order to keep the volume density relative error below 


5% some 500 points had to be counted. On the other hand, preliminary estima- 
tion revealed that the lipid volume was a scarce component at less than 5%. It 
can be seen from the graph that over 3500 points had to be counted to keep the 


relative error below 5%. Of course, many more points than this were actually 


counted. As a matter of fact, in the present investigation the volume density 
relative error estimations were kept below 5% except in a few instances where a 
less than 10% relative error value was accepted. 


The information that can be gained from the use of stereological techniques 
o 


for the study of tissue or cell structure resides mostly in the following few 


parameters: 


1. relative volume or volume density or volume fraction (all are synony- 


mous). 
2. surface density, i.e., the surface area of a component per unit volume. 
is 
3. numerical density, i.e. the number of particles per unit volume. 


. mean diameter of structures. 
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MATERIALS AND METHODS 


Preparation of Tissues 


51 or 52 day old male Long-Evans rats weighing 164-240 g were used in 
this study. A totako,30/Fats divided into 6 groups - 5 rats in each group 
was studied. The 6 groups investigated were; ; 
1. intact controls. 

2. 1 day ater hypophysectomy ( H) 
3. 2 days after H 

4. 4 days after H 

5. 10 days after H 


6. -14 days after H 


Five groups of animals were hypophysectomized by the paraphrayngeal 


approach. Evidence for the completeness of the operation was the cessation 
of growth, body weight loss, and, at autopsy, the decrease in adrenal size 


as well as direct visual inspection of the sella turcica. 


The animals were sacrified by decapitation between 9:00 - 10:00 a.m. 
Blood was collected from all animals. This was centrifuged and the plasma 
was frozen and stored at -5°C for subsequent corticosterone determinations 


(see Appendix for method). After laparotomy, the left adrenal was taken 
_ and the fat removed from the capsule of the gland. Each gland was cut in 
half and half was placed in Bouin's fixative for light microscopy. The 


other half, for electron microscopic use, was diced into tissue blocks 


approximately 1 mm on each side and immersed in cold glutaraldehyde- 


HO, fixative (Peracchia and Mittler, 1972) prepared as follows: 
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50% glutaraldehyde (Fisher Scientific Co.) was di — to 3% with 0.1M sodium 
cacodylate buffer at pH 7.4. Just before tissue immersion, 2 drops of 30% 
H,0, (Mallinckrodt Chemical Works) were edch-m|_of 3% glutaralde- 
hyde and the mixture thoroughly shaken. Fixation was for 2 hours in this 
solution and then the tissues were changed to a cold 3% glutaraldehyde solu- 
tion prepared as follows: 8% glutaraldehyde (Polysciences, Inc.) was 
diluted to a 3% solution with 0.2M sodium cacodylate buffer at pH 7.4. Fixa- 
tion continued in this solution for 1 hour. The tissues were washed for 1 hour 
in 0.1M sodium cacodylate buffer containing 7% sucrose. Two buffer changes 
were Bee cess the tissues were stored overnight at eC in the buffer. The 
tissues were post-fixed in 2% 0s0, buffered with sodium veronal acetate to 

oH 7.4 for 1 hour (Palade, 1952). They were then dehydrated in a series of 
acetone solutions and embedded in Epon 812 (Luft, 1961). 0.5 um sections 
stained with toluidine blue were examined in the light microscope for tissue 
orientation. For electron microscopy, silver to gold sections, cut witha , 
diamond knife on a Porter-Blum MT-2 ultramicrotome, were collected on 
copper grids of 200 or 400 mesh coated with a carbon-stabilized parlodion 
film. One section was placed on each copper grid so that each block ee 
only one sample for morphometric evaluation. The sections were stained 

with a 5% urany! acetate solution for 30-45 minutes at 45-60°C. They were 
then stained with a 0.4% lead citrate solution in an oxygen atmosphere for 

4-5 minutes (Venable and Coggeshall, 1965). The sections were examined in 


a Hitachi HS-8 electron microscope at an accelerating voltage of 50 KV. 
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Morphometric Model of the Fasciculata Parenchymal Cell 


Figure 6 is a diagrammatic representation of the model of the fasciculata 
parenchymal cell. It can be seen that the cell is divided into its two major 


compartments of nucleus and cytoplasm. The cytoplasmic compartment is 


further subdivided into cytoplasmic matrix, mitochondria, lipid and endo- 
plasmic reticulum (ER). For the present study, the cytoplasmic matrix is 


defined as being composed of ground substance, residual bodies and micro- 
bodies, which is to say everything in the cytoplasm except the mitochondria, 


lipid and ER. By the same token, the ER is defined as including the rough- 
surfaced endoplasmic reticulum (RER), the smooth surfaced endoplasmic 
reticulum (SER), and Golgi membranes. The Golgi complex is small in 
adrenocortical cells and its boundaries are difficult to define. The quantity 

of this organelle does not appear to undergo major changes after hypophys- 
ectomy and therefore, Golgi membranes are included in the ER for the pur- 
poses of this study. Also given in the sien are the symbols used for the 
morphometric parameters in terms of volume densities or surface density. Sur- 
face density measurements were obtained only for the ER compartment (SVer). 
All in this study refer the cytoplasm of an average 
fasciculata parenchymal esis. Relative values, except for nuclear volume, 


are also given in relation to the cytoplasmic volume of this average cell. With 


the use of this model it is possible to account for the changes occurring within 


the cell due to > sla manipulation. 


Morphometrie-Procedures 


A. Stratified Random Sampling “ 


For each rat in each of the time periods, 10 Epon blocks were made from 
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pieces of tissue taken from throughout the cortex of the gland. From these 


10 blocks, 5 were randomly selected for thick sectioning. This made a total 
of 25 blocks sectioned for the 5 rats in each of the time periods up to the 


10th day after hypophysectomy (H ) period. For the 10 and 14 day H 
rats, 3 blocks were randomly selected making a total of 15 blocks sectioned 
for each of the last two groups of animals. In all there were 130 blocks 


sectioned for the entire investigation. . 


In order to properly analyze the tissues, 3 levels of sampling were 


chosen (Figure 6). 


Level | 


Light micrographs were taken at an initial magnification of 200X and en- 


larged to a final print magnification of 1500X. This level of magnification was 
adequate to determine the volume fraction occupied by nuclei and cytoplasm 
of zona fasciculata parenchymal cells. The table below shows the number of 


photomicrographs taken for the various time periods. 


Time Periods Photomicrographs 
Intact Controls 63 

1 day after H 74 

2 days after H 76 

4 days after H 75 

10 days after H. 46 
14 days after H 48 


Total 382 
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Level II 


Electron micrographs were taken at an initial magnification of 6400X and 


“enlarged to a final magnification of about 16,500X. This magnif#ation was 


used for determining relative cytoplasmic volumes of lipid and mitochondria. 


The table below shows the number of photomicrographs taken for the various 


time periods. 


Me 


Time Periods : , Photomicrographs 


Intact Controls : 234 
1 day after H ge 131 
2 days after i : | 126 
4 days after H 
10 days after i 


14 days after H 


Total 
Level Ill 
Electron micrographs ane Whi at an initial magnification of 20,000X 
and enlarged to a final magnification of about 66,000X. This magnification was 
deemed adequate for determining the relative cytoplasmic volume of the endo- 
plasmic reticulum and its surface density. The table below shows the num- 


ber of photomicrographs taken for each time period. 
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Time Periods Photomicrographs 

Intact Controls 117 

1 day after H 139 : 
2 days after H 182 
4 days after H ; 139 
: 10 days after H 95 
- 14 days after H 90 
Total | 762 


At levels Il and III fields containing less than 50% cytoplasm were dis- 


carded because at these levels all values were to be estimated with 
respect to the cytoplasm. | 
ao’: Systematic Random Sampling 
In order to insure randomness ia the recording of the electron micrographs, 
a method for preventing bias in the selection of the fields to be photographed 
must be adopted. A method should be used that allows the position of the 
micrographs to be fixed with respect to a reference system that is independent 
_ of the structures being photographed. A simple way of accomplishing this 
is advocated by Weibel et al. (1966) and was the procedure that was followed. 
The specimen grid bearing only one tissue section was positioned so that the 


upper left corner of the grid opening coincided with the upper left corner of 


the viewing screen; the area was photographed and the specimen stage was 


= moved to the next square of the grid where the procedure was repeated. The 


micrographs which were thus secured were analy zed by placing appropriate 
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test systems over them and the necessary number of hits and cuts of points 
and lines with the various component profiles were recorded on a blood cell 
counter. The raw data was put into the proper formulas to obtain the desired 


information. For relative volume Wi; the formula is: 


P+ 
where P. is the number of points contained within the profile of the component | 
i and Pl is the total number of points falling on the section. For surface 


density Sy, the formula is: 


re | 
om Sy; a 
“T 
where F is the number of intersections of membrane with the test lines of 
total length Ly. 


The test systems used took several forms. At Levels | and Il, two dif- 


ferent test systems were employed. The first was a multipurpose test system 


containing 84 lines and coo which measured 24 x 24 cm with a point 


spacing of 1.5 cm. This test system was used to estimate the relative volumes 
of nucleus and cytoplasm at Level | and of mitochondria and lipid at Level Il. 
A double-lattice test system was utilized for estimating the relative volume 

of lipid for intact animals only, as it was found that at this time period the 
lipid was a scarce component. This system had a 1:9 ratio of coarse to fine 
lines and a coarse line separation of J..5 cm and fine line separation of 0.5 cm. 
At Level II] another multipurpose test system similar to the first one was used 
but this system measured 27 x 27 cm with a point spacing of 2.0 cm. Estima- 
tions of the volume _ surface densities of the ER were obtained with the 


latter test system. 
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IV. Calibration 
For light microscopy, the microscope was calibrated with a scale graduated 
in 0.01 mm to determine final print magnification. To establish the final 
magnification for electron microscopy, a photomicrograph was taken of a 
magnification standard at the end of each photographic session. The standard 
used was a carbon replica of a diffraction grating having a spacing of 4629 A. 


Calculation of Absolute Values 


Nuclear volume computations were based on the fact that rat fasciculata 


nuclei are essentially spherical in shape (Palkovits and Fischer, 1968) One 
hundred fasciculata nuclei were measured on 0.5 u m thick tissue sections 
stained with toluidine blue for each of the time periods using a Zeiss micro- 
meter eyepiece in a light microscope. For the 10 and 14 day H animals, when 
the nuclei are no longer spherical, the mean of a length and width measure- 
ment for each nucleus was obtained. The mean nuclear diameter at each 
time period was used to calculate nuclear volume assuming the nucleus is a 
sphere V= i. . | realize that there are more sophisticated methods for 
calculating nuclear volume but this one seemed adequate for the limited time 
and facilities that were available. 

Absolute cytoplasmic volume _ Pienmsean by using the relative volume 
data obtained from point counting procedures in combination with the 


absolute nuclear volume data through application of the equation: 


absolute nuclear vol. | absolute cytoplasmic vol. 


relative nuclear vol. relative cytoplasmic vol. 


and solving for absolute volume. 
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Basic to all the absolute value conversions relating to cytoplasmic or cell 
volumes is the calculation of absolute nuclear volume by any of a number of 
methods such as the one used in this study. ‘Once this value is obtained it is a 
relatively simple matter to convert all relative values to absolute values by the 
method given below. 

First, one must multiply absolute cytoplasmic or absolute cell volumes, 
which were directly calculated from absolute nuclear volume, by the relative 
- volumes of the components as determined by point counting procedures to give 
absolute volumes of the components in terms of cytoplasmic volume or cell volume 
respectively. For example, data from intact control animal number one yielded 
the ieee relative volumes of lipid (1), mitochondria (m), endoplasmic 
reticulum (er) and cytoplasmic matrix (cm); V, = 0.028, V_, = 0.113 and Ver=0.113 
Vem = 0: 436. Multiplying these values by the absolute cytoplasmic volume for 
animal number one (2,443.0 u m?) gives absolute volumes of these organelles 
in terms of cytoplasmic volume. 

= 0.028 x 2,443.0 = 68.4 um? /cell cytoplasm 


= 0.423 x 2,443.0 = 1033.4 cytoplasm 


3 
Ver = 0.113 x 2,443.0 276.1 um’ /cell cytoplasm 


Vom = 0.436 x 2,443.0 1065:1 pm?/cell cytoplasm 


The relative volume of a component expressed as a fraction of the total cell 


volume is calculated by dividing the absolute volume of the component per cell 


cytoplasm by the total cell volume. For control animal number one the absolute 


cell volume is 2,667.3 um>. 
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68.4 um? 
3 


1 
2667.3 um 


= 1033.4 win? 


2667.3 um 


276.1 um? 


2667.3 


3 
on * 1065.1 um 


2667.3 um? 


244.3 um? 
3 
2667.3 um 
Values for the other four animals in the intact control group were obtained 


in the same way. A mean was calculated for all five animals and this absolute 


value was used to make up Table 3. Ina similar fashion, the absolute 


values for the other groups were calculated so that the values for all the 


parameters listed in Table 3 represent a mean from five animals. 


Calculation of surface density, S,, _, for the endoplasmic reticulum (ER) |. 


Ver 


was determined by the following formula: 


when ler is the number of intersections of the test line with the surface contour 


of the ER and L, is the length of the test line. The total surface area of ER 


in the cytoplasmic volume was obtained by multiplying these data by the - 


absolute cytoplasmic volume for the various time periods to’yield the product 
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in wu m?. Ly was determined by first obtaining the unmagnified length (Z) of the 
short line probe. This was done by dividing its actual length by the final print 
magnification. L; was then found by using the formula: 
where P- is the number of test points and M is the number of micrographs on 
n which the test system was used. As an example, data from intact animal number 
. one witd be used. The actual length of Z on the multipurpose test system was 
2.0 cm. The final print magnification for the micrographs at Level III was 
68, 877X. After convering cm to um, Z = von = 0.3 um, the ween 
length of Z. The number of points on the test system was 168. Therefore, 
= +x 168 x 0.3 =25.2 um. ler which was determined intersection 
counting was 2512. The total wanda of micrographs sampled was 29 and the 


absolute cytoplasmic volume was 2249.6 u m>., These values wére then placed 


in the surface density formula to yield: 


= 2x 2512 x 2249.6 = 15,465.2 um2 


29 x 25.2 
It is sometimes desirable to obtain the absolute volume of ‘ieiemeniue in 
retation to the body weight of an animal. This can be accomplished if the volume 
of the gland or organ is known by merely multiplying the absolute volume of. 
gland by relative volume of component. A relatively simple method for deter- 
mining glandular volume is that of Scherle (1970). The weight (in grams) of 


the gland in air minus its weight in liquid is equal to its volume (in cm*), 


provided the specific gravity of the liquid is close to that of water (~1.0). This 
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relationship can be understood by inspecting the following formula: 


SG, | 
where Wa is the weight of the organ in air, W, is its weight in liquid, and SG, 
is the specific gravity of the liquid. However, it was found during the course of 


this investigation that the results obtained for the rat adrenal gland by this method 


were highly unreliable. The problem was the small size fo the rat adrenal. In 


a mature intact animal of 200 g body weight, the adrenal gland weighs ~ 20mg. 


Fourteen days after H the gland can weigh less than 2 mg. It was found that 


‘. evaporation of the buffer solution during the weighing of the gland could be 


greater than 1 mg in less than 1 minute. Consequently, the method was not 
practical for. volume determinations of very small objects: Weighing the ines 
in a closed vessel of known volume containing a liquid of known specific gravity 
(pycnometry ) niet be a much better method. This method also has the advantage 

that the density of the gland can also be determined. 
Vi. Statistical Treatment of Data 3 

The data from 5 bieaie ne each animal were totaled except for the animals 
hypophysectomized 10 and 14 days earlier where the dike from 3 blocks were 
totaled. The values for either relative volume or surface density were obtained 
utilizing the appropriate formulas for these parameters. From this information, 


the mean, the standard deviation from the mean and the standard error of the mean 


were determined for the 5 animals in each of the time periods. The means of 


_ different time periods were compared by applying the two sided T distribution 


test. Two means were considered significantly different if the probability of 


error, P, was less than 0.05. ¥ 
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view of fasciculata cytoplasm two days after hypophysectomy showing 


RESULTS 


The Fine Structure of the Zona Fasciculata of the. Hypophysectomi zed Rat 


It must be remembered that the principal distinguishing characteristic 
of the fasciculata of the intact rat is the appearance of the mitochondria. The . 
mitochondria are usually spherical and possess vesicular cristae for the 


most part (Figures 1 and 2). 


As early as one ouy after hypophysectomy, | there is a dramatic increase in | 
the size and number of lipid droplets appearing in the cytoplasm of fasciculata 
cells (Figure 7). This increase continues but is more gradual in the suc- 
ceeding days up to 14 days after hypophysectomy. Two rather subtle 
changes are (1) the sudden appearance of dense granules in a few mito- 
chondria and (2) an increased incidence of tubular cristae occurring in some 
of the mitochondria (Figure 8). There are no other obvious changes in the 
ultrastructure of zona fasciculata cells taken from animals hypophysectomi zed | | 
24 hours earlier. 

Two days after hypophysectomy, there is still little obvious change when 
the cells are compared to fasciculata cells from intact rats. Figure 9 is a low 
magnification micrograph illustrating this point. An interesting finding is the 
presence of what appear to be two ieaptiiined nerve fibers (arrows), 
probably of the autonomic nervous system. Nerve fibers pam rarely found 
in the adrenal cortex and their function is unknown. Figure 10 demon- 
strates the increasing frequency of mitochondria bearing vesiculo-tubular 


or tubular cristae (upper right corner). Figure 11 is a high magnification 
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the tubular shape of the SER, the presence of two small residual bodies, and 
the presence of some intramitechondrial tubules (arrow). The later structures 
are not uncommon in fasciculata mitochondria of intact or hypophysectomized 
animals. 

After the animal has been deprived of ACTH for four days, the mitochondria 

. exhibit great variation in shape and size, and tubular cristae are peconien more 

evident (Figure 12). As a matter of fact, tubular cristae are most’prevalent in 
mitochondria of fasciculata cells of animals hypophysectomized 4 or 10 days © 
previously, while mitochondria of fasciculata cells in animals hypophysectomized 
14 days earlier possess cristae that are, again, meee vesicular than tubular. 
Figure 13 is a high magnification micrograph of the fasciculata cytoplasm 
showing the relative abundance of SER as well as a bit of the scarce RER (arrow). 
The cell membrane and dense granules within the mitochondria are easily 
visualized. | 

At ten days following hypophysectomy, most nuclei of fasciculata cells.are no 
longer spherical as the cells continue to atrophy. One of these irregular nuclei 
is depicted in Figure 14. In another micrograph (Figure 15) can be seen the 
great number of lipid droplets that have accumulated in many of the cells at this - 
time. The variation in mitochondrial size and morphology is also apparent here. 
Both large and very small spherical mitochondria containing vesicular cristae can 
be seen. Ovoid and other irregular mitochondria possessing vesicular and tubular 


cristae are also encountered. Examples of this mitochondrial morphology are 


seen in the lower left corner of Figure 15. Figure 16 is a high magnification 
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micrograph of _ irregularly shaped mitochondria with vesiculo-tubular 
and tubular cristae which are frequently encountered at this time. Notice the 
dense granules within the mitochondria and the still quite numerous profiles 
of SER. Another micrograph (Figure 17) illustrat€s the small variably shaped 
mitochondria also found in fasciculata cells of rats hypophysectomized for 10 
days. These mitochondria possess mostly vesicular cristae. Also shown here 
are'lipid droplets and several residual bodies. Rarely, a giant mitochondrion 
is found, but in the overall view,. there is a general reduction in mitochondrial 
size beginning ten days after hypophysectomy.. Dense granules which have 


been frequently mentioned, seem to reach their peak in numbers at this time and 


then decline quite sharply at 14 days after hypophysectomy. A curious finding 


was the rather unusual arrangement the SER occasionally assumes. A 
considerable width of parallel arrays of the membranes of the SER seemingly 
flow in river-like fashion through the cytéplasm to the exclusion of most other 
organelles. One of these "rivers" of membrane can be seen in Figure 18. This 
condition is by no means confined to this time period for it is also observed in. 


the fasciculata cells of intact 1, 4 and 14 day hypophysectomi zed rats. This isa 


rare finding at all these time periods but the arrays of SER membrane appear to 


be wider in the cells of rats hypophysectomized 10 or 14 days earlier. 


An interesting phenomenon occurs at this time -- the fasciculata and reticu- 


_laris blend together into one zone so that the distinction between these two zones | 


which was based-orn mitochondrial morphology no longer exists. Residual bodies 


become quite Bg and more of these are present in the cells close to the medulla 


‘a 


than in the more superficial layers of the zonae fasciculata-reticularis. 
Fourteen days after pituitary removal, several established trends continue. 
Lipid accumulates as before so that most cells are almost completely filled with 
this substance and mitochondria become even smaller in size. These two 
characteristics are well illustrated in the low magnification shanaaien of : 
Figure 19. Note the presence of vesicular cristae in the mitochondria, a 
consistent finding at this time. Figure 20 demonstrates the amount of cellular 
atrophy that has occurred fourteen days after hypophysectomy. Almost the 
entire field of this low ere micrograph is occupied by one fasciculata 
parenchymal cell. A similar parenchymal cell from an intact animal would 
occupy at least twice this area. Note the small size and the variable shape of 
the mitochondria and that their cristae are vesicular ~ vesiculo-tubular in 
configuration. Surprisingly oman a considerable abundance of SER is still 
present. The nucleus of this cell is less shrunken than is usually the case. 
This illustrates the general point that there are differences between cells and 
the rate at which they exhibit atrophic changes. These differences are averaged 
po aa out in the morphometric analysis. Figures 21 and 22 demonstrate some of this 
_ variation. In Figure 21 note that the mitochondria are extremely small but 

still possessing mostly vesicular cristae. The SER is quite poorty developed. 

Figure 22 is a micrograph of nuiie cell at the same magnification as Figure 21 

and from the same time period. It also contains small mitochondria with cristae 

of variable type but note the meron quantity of SER paiureree arranged in 


parallel arrays "streaming" through the cytoplasm. For a cell to harbor this 
\ 


huge quantity of SER after being deprived of ACTH for so long a period is indeed 
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a remarkable finding: It must be repeated, however, that this condition is 
of rare occurrence. 
Certain other changes were noted at-various times after hypophysectomy, 
but no clear patterns emerged from these observations. Degenerating 
. mitochondria were scomstenstty seen inside lysosomal structures beginning 
the first day after hypophysectomy. A peak in their frequency seemed to be 
reached at 2-4 days with very few seen at the 10 and 14 day periods. | 
Cholesterol crystals were sometimes observed in the cytoplasm of fasciculata 
parenchymal cells. These structures reached their maximum number 2-4 
days postoperatively and sharply declined thereafter. 
ll. Morphometry 
A. Relative Volumes 
The relative volumes of the nuclei, cytoplasm and several subcellular 
organelles in fasciculata parenchymal cells are given in Table 1. The 
standard error of the mean (S.E.M.), percent difference* (A %) , and 
probability of error {P) were calculated by standard statistical methods. 
The values for the means of the various time periods following hypo- 


~*” physectomy were compared with those of the intact controls and P was 


*Percent difference means the difference between a number and a base as 


calculated by the formula number-base . 


base 


) 
j 
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considered significant if its value was less than 0.05. A graph of these 
same data is shown in-Figure 23. 

It can be seen that the relative volume of the mitochondria increases 
slightly one day after-hypophysectomy and then steadily declines with time, 
although there is no statistically significant difference in the values until 
10 days after hypophysectomy. The lipid relative volume demonstrates a 
highly significant increase the first day after hypophysectomy. It continues | 
to rise at a rapid rate until the fourth day when the rate of increase slows 
but the relative volume continues to increase until it reaches a maximum on 
the fourteenth day after hypophysectomy. This represents an increase of 


about ten fold over the control value with more than half of the total increase 


occurring in the first day. The relative volume of the endoplasmic reticulum 


declines at first but then rises rightly. At 14 days after hypophysectomy 


there is no significant difference from the control value. The relative volume - 
of the cytoplasmic matrix exhibits a general decline although it does. fluctuate 
somewhat. The retetive volumes of nucleus and ssid were not graphed 
but the table shows that the nuclear relative volume increases to a maximum 
at 2-4 days after hypophysectomy and om declines thereafter. The 2 and 

4 day periods exhibit highly significant increases (P < 0.005) and the 14 

day time period represents a significant decrease (P < 0.05) as compared to 
the control value. Since the relative volumes of nucleus and cytoplasm 


add up to 100%, the relative volume of the cytoplasm varies inversely with 


the relative volume of the nucleus. 


= 
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B. ‘Plasma Levels of Corticosterone 

The results of the plasma corticosterone determinations are given in Table 
2. These values are expressed as yg per 100 mi of plasma. By the first day 
after hypophysectomy, there is a 70% decrease in circulating corticosterone 
levels. Another 10% a occurs on the following day after which time a 
gradual increase is observed until the fourteenth day. However, this increase 
from the second to the fourteenth day is not statistically significant (P > 0.1). It 
can be said, therefore, that there is no change in circulating corticosterone 
levels after the second day following hypophysectomy . 


C. Absolute Volumes | 


The absolute volumes for the morphometric parameters of fasciculata 
parenchymal cells are given in Table 3. These values are expressed as yu m> 
with respect to the cytoplasm of an average fasciculata parenchymal cell except 


2 in relation to the cytoplasm of 


for surface density which is expressed as pm 
an average fasciculata a cell. As with relative cell volume, the 
standard errors (S.E.M) have been computed as has the percent difference 
(4%) and the P values. The last two quantives were calculated in relation to 
the control values. 

Absolute cell. volume has been graphed and is shown in Figure 24. There is 
a highly significant decrease of 32% in the first day after hypophysectomy. The 


sharp decline continues, reaching a minimum volume at four days. A slight, 


gradual rise occurs from the fourth to the fourteenth day. There is a total 


decrease in absolute cell volume of 62% when the fourteenth day following 


removal of the pituitary is compared to the control value. The absolute 
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nuclear and cytoplasmic volumes were not graphed but their decline closely 
oiaiiai to that of the absolute cell volume as would be expected since the 
latter value is the sum of the nuclear and cytoplasmic volumes. The absolute 
volumes of mitochondria, lipid, endoplasmic relbeulnien (ER) and cytoplasmic 
matrix have been graphed along with the corticosterone plasma levels for 
purposes of comparison in Figures 25 and 26. It is evident that the curves for 
mitochondria, ER and cytoplasmic matrix all decline in rather cena agreement 
with the curve for corticosterone plasma levels. Generally speaking, all of these 
components sustain highly significant decreases in the first postoperative 
day and tend to reach a minimum on or about the fourth day after hypo- 
physectomy . The absolute lipid volume undergoes a highly significant 
increase of 342% in the first day generally declines although it is 
ale still more than 300% above the control value on the fourteenth day after 
thypepiysectony . Comparing the means for the fourth and fourteenth day of the 
lipid curve reveals no significant difference (P > 0.05). There is 5 significant 
308 decrease in the absolute volume of the mitochondria in the first day following 
hyfophysectomy This represents about 40% of the total decrement in mito- 


chondrial volume as most of this decrease occurs by the fourth day. The absolute 


volume of the ER also declines rapidly with a 36% decrease occurring in the first 


me 


day. This is a highly significant decrease (P < 0.005) and virtually all of the 
decrease occurs by the second day after hypophysectomy. Ina similar fashion, 


the cytoplasmic matrix shows a highly significant decrease of more than 50% in 


the first day and reaches its minimum volume by the fourth day. However, the 
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slow increase in volume seen from the fourth to the fourteenth day is of 
statistical significance (P < 0.005). 
Figure 27 is a graph which compares the decline in corticosterone plasma 


levels and the surface density of the ER (expressed in u m2) with time 


after hypophysectomy. It is evident that a highly significant decrease of 


about 50% occurs in the first omy and, as with most of the other absolute 
parameters, a minimal value is reached by the fourth day. The agreement 
between the corticosterone and ER curves is quite striking. Thus, the 
surface area occupied by the endoplasmic reticulum appears to be the best 7 
predictor of secretory activity in these cells. 


lll. The Fine Structure of the Zona Intermedia of the Hypophysectomi zed Rat. 


In their light microscopic investigation of the zona intermedia, Cater and 
Lever (1954) mentioned that this zone is poorly defined or completely absent 
between the 42 and 182 days of life in rats of both sexes. | found this to 
be true for the intact 51-52 day old male rats used in the present study. 

_ Since this zone is absent in these rats, no electron micrographs of this zone 
were obtained. However, beginning on the fourth day following pituitary 
removal, the zona intermedia becomes apparent and by the fourteenth post- 

Operative day it is a wide band of lipid-free cells. | 

In general, the fine structure of the cells of the intermediate zone of the 
hypophysectomized animal resemble that of the cells of both the glomerulosa 
or fasciculata of the Syenet animal with the following exceptions: (1) reduced 
number of lipid droplets, (2) possible reduction in the number of Golgi 


complexes and (3) variation in the mitochondria. Although no quantitative 
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Studies were conducted iil the second point, it was my impression that 
there appeared to be fewer Golgi complexes present than in either glomerulosal 
or fasciculata cells of intact animals. * 

The third point warrants further explanation. Most mitochondria in the zona 
intermedia are smaller and more variable in their shape and also more variate 
as to type of cristae than those mitochondria from the zonae glomerulosa and 
‘tensteneie of an intact animal (compare Figure 1 with Figure 27, for example). 
Many mitochondria are spherical, some are elongated and still others are irregular 
in outline. Many cristae are tubular, while others are vesicular to vesiculo- 
tubular. Although mitochondrial shape can vary within the same cell, the type 
of cristae within the mitochondria usually remains the same in a given cell. The 
appearance of dense granules, usually assumed to be deposits of polyvalent 


cations (Christensen and Gillim, 1969), within the mitochondria seems to be a 


rather constant feature of zona intermedia cells, particularly in the later days 


‘ 


after hypophysectomy . 


% 


Four days after hypophysectomy, when the intermediate zone is only 2-4 
cells wide, those cells bordering on the zona glomerulosa tend to resemble 


glomerulosa cells, that is, the mitochondria are oval to elongated in shape and 


3 


. possess mostly tubular cristae (Figures 28 and 29). Those cells of the 


intermediate zone that border on the zona fasciculata tend to contain mito- 


chondria that are spherical or irregular in shape and possess vesicular 


cristae (Figures 30 and 31). 
Ten days after hypophysectomy, the situation described above becomes even 


more pronounced. At this time, the intermediate zone is a wide band which is 
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many cells thick. Those cells of the intermedia in the vicinity of the zona 
glomerulosa possess irregular mitochondria containing mostly tubular cristae. 
This can be clearly seen in the micrographs of Figures 32 and 33. Those inter- 
media cells adjacent to the zona fasciculata exhibit narectarteties of fasciculata 

cells from intact animals, i.e. spherical mitochondria possessing mostly vesi- 
cular cristae (Figures 34 and 35). IJn the middle of the zona intermedia, both 
types of cells exist side by side. This is especially well illustrated in Figures 
36 and 37. The ote in the left side of either olndninat resembles a glomerulosa 
cell from an intact animal while the cell to the right resembles a fasciculata cell 
from an intact animal. Notice also the absence of lipid droplets which is the 
main distinguishing feature of the zona intermedia. 

This is not to say that the above description invariably prevails, for cells can 
be found containing mitochondria bearing both tubular and vesicular cristae at 
all levels of the zona intermedia. However, the general trend is for cells of the 
intermedia veidiais to the glomeruloss to resemble cells of the glomerulosa of 
intact animals and for intermedia cells in the vicinity of the fasciculata to resemble 
cells of the fasciculata from intact animals. Thus, the terms intsriviadiote or 
transitional zone are particularly appropriate, for the cells truly appear to be 

intermediate in structure between those of the two outer cortical zones. 

What has just been said for the 10 day period can be repeated for the 
period 14 days after hypophysectomy. The only difference observed is that 


the zone is slightly wider at this time than at 10 days. Figure 38 is a low 


magnification micrograph taken from the middle of the zona intermedia of a rat 


hypophysectomized 14 days previously. It well illustrates the diversity in 
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in mitochondrial morphology displayed by this zone. There are spherical, ovoid, 
elongated and even a branched mitochondrion in this field (arrow) . Cristae run 
the gamut from vesicular, vesiculo-tubuler to tubular in form. Figure 39 which .- 
is a higher magnification view from the same area serves to demonstrate the 
moderate amount of SER present (arrow). Other arrows point out an accumula- 


tion of glycogen particles and also dense granules present within mitochondria. 
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DISCUSSION 


|. The Zona Fasciculatd of the Rat After Hypophysectomy 


This work has shown,by quantitative morphometric methods,that the 
quantity of lipid in zona lneteadale cells rises after hypophysectomy. In 
addition, the heen volume of mitochondria and the endoplasmic @aculum 
as well as the surface area of the endoplasmic re&iculum declines in these 
cells after pituitary removal.’ These data confirm the findings of numerous 
authors (Deane, 1962; Nishikawa et al., 1963; Fujita, 1972; Conteh and 
Purvis, 1972). However, these opinions have not been supported by quanti- 
tative data, and therefore, this study is an extension of their a. 

~The sudden rise in the number of lipid droplets within the cells that 
occurs as soon as one day after hypophysectomy is a direct reflection of the 
physiologic state of the zona fasciculata. It has been demonstrated that the 
principal constituents of the lipid droplets are cere: and cholesterol 

poe ees (Deane, 1958; Moses et al. ¢ 1008), Since cholesterol is the pre-_ 


cursor from which all of the adrenocortical hormones are synthesized 


(Christensen and Gillim, 1969) and ACTH is necessary for steroidogenesis 


(Farese, 1968) the absence of ACTH results in the cessation of hormone 
synthesis and the consequent accumulation of cholesterol in the form of lipid 
droplets within the cytoplasm. ACTH also stimulates the synthesis of 
cholesterol by adrenocortical cells (McKerns, 1968); thus, hypophysectomy 


would prevent this contribution tothe lipid droplet pool, but,in the case of 


the rat, this contribution is of a minor nature (Morris and Chaikoff, 1959; 


Ichii et age) . Certainly, in the present study, it appears that the 
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cessation of corti costeroidogenesis far outweighs the effects of the cessation of 
cholesterol synthesis by fasciculata cells as evidenced by the rapid accumulation 
of lipid droplets within these cells following pituitary removal. Fujita (1972) 
not only believes that lipid accumulation in adrenocortical cells of hypophys- 


ectomized rats is due to cessation of hormone synthesis but also to inhibition of 


hormone release from the cell as well. Fujita further suggests that adrenocortical 


atrophy is primarily caused by fatty degeneration of cells of the ee and 


reticularis. Fatty degeneration is a pathological term meaning simply degeneration 
of cells due to an accumulation of fatty deposits within them. In the present 
investigation, it was observed that there was more atrophy of fasciculata cells of 
hypophysectomized rats that \ were heavily infiltrated with lipid droplets than in 
those cells containing fewer lipid droplets. However, severe cell atrophy was 
observed in most fasciculata cells 10-14 days after hypophysectomy requnalees of 
their lipid content so that | believe that the primary cause of adrenocortical 
atrophy after hypophysectomy is the lack of trophic stimulation by ACTH and 
secondarily 2 possible fatty degeneration of these cells. aia 

Much of the work on the ultrastructure of the adrenocortex of the hypophy- 
sectomized rat done prior to 1966 is subject to criticism and doubt due to the 
poor fixation and embedding techniques employed. In the present investigation, 
for instance, | saw no instances of cristae protruding from mitochondria or of 
"open" mitochondrja as previously reported (Sabatini et al., 1962; Borowicz, 
1965). These phenomena can probably be considered as artifacts of improper 


fixation. On the other hand, the work of Fujita (1972) demonstrates good 


preservation of cytological detail, and some of his observations are directly 


comparable to those of the present investigation. His observations that there 
was a great accumulation of lipid droplets and that mitochondrial shape and size 
became quite irregular after hypophysectomy agree quite closely with my findings. 
He also described the nuclei of fasciculata parenchymal cells as decreasing in 
size and becoming irregular in shape 10 days after hypophysectomy and my 
observations 10-14 days after hypophysectomy are in agreement with this finding. 
However, he found that almost all cristae were converted from the vesicular to 
the tubular shape 10-25 days after hypophysectomy whereas | found the incidence 
of tubular cristae to be at a maximum 4-10 days after hypophysectomy with a 
decline thereafter. At 14 days after hypophysectomy, | observed most cristae to 
be veotculir once again. Fujita reported a considerable reduction in the par 
of SER per cell 10-25 days after hypophysectomy as compared to the cells of 
intact controls. The absolute volume of the ER also declines in my study, but 
morphometric analysis of the relative volume of the ER showed a signifigant 
increase over the control value at 10 days after hypophysectomy but then a 
decline occurred at 14 days to a value not significantly different from the intact 
control value. Some of the discrepancy between the two results may be attributed 


to the fact that Fujita's description is an impression gained from studying 


selected fields while the present results were obtained by the morphometric 


analysis of hundreds of random micrographs so that variations in the quantity 
of ER from cell to cell were averaged out. Then too, Fujita's description is 
limited to the quantity of SER whereas my category of ER includes SER, RER > 


4 
and the Golgi membranes 


j 
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ll. Morphometry 
Many of the previous morphometric studies conducted on the rat adrenal 
cortex after various experimental procedures report only relative volumes of 
cellular components (Magalhaes and Magalhies, 1969; 1972) or absolute 


volumes expressed in relation to quantities other than cell or cytoplasmic 


volume (Yago et al., 1971; Sekiyama et al., 1971). Itis, therefore, 
difficult to make complete comparisons of all of these data with the data from 
. the present investigation which is expressed in both relative and absolute 
volumes in relation to the cytoplasm of a fasciculata parenchymal cell. Since 
relative volumes can be calculated from absolute volume data, it is deemed 
advisable to discuss only absolute volumes in any great detail here. The 
studies of Nussdorfer and co-workers (e.g., Nussdorfer and Mazzocchi, 
1970) do contain absolute volumes but, as was previously discussed, their 
papers never contain data for the cytoplasmic matrix compartment. For this 
reason, their data cannot be directly compared to mine and thus will not be 
discussed extensively. On the other hand, Mausle and Scherrer (1974) 
conducted a morphometric study on the effect of sex hormones on the adrenal 
cortex of the rat in which are given absolute volumes relating to the zona 
hiiekendiite cells of intact male rats which are directly comparable to my data. 
However, no weight or age of the rats is given. Mausle and Scherrer report 
an average cell volume that is much smaller than mine (1607.7 vs. 2465.8 u m3) 


and a correspondingly smaller mitochondrial volume (551.9 vs. 943.9 u m?) , 


Perhaps much younger animals were used in their study. However, the 


absolute volumes of the ER agree rather closely (222.1 vs 275.4 u m?>). The 
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greatest difference satin the two studies lies in the area of absolute lipid 
volumes where they found about four times as much lipid as | did (194.7 vs. 

48.9 um3). It is possible that my animals were more stressed either chronically, 
because of excessively noisy animal towers, or acutely at the time of killing. 

Stress will deplete lipid stores because increased amounts of glucocorticoids are 
produced (Deane, 1962). The surface density of the ER was not analyzed in the 
study of Mausle and Scherrer (1974). In reviewing the differences in the morpho- 
metric data, | would have to agree with the comments of Mausle and Scherrer (1974) 


that the values obtained for a morphometric investigation are probably only com- 


parable to those values obtained under completely identical experimental condi- 


tions in the same laboratory. 

The differing rates of atrophy of the several cellular components can be 
demonstrated by the percent change in absolute volumes (Table 3). For example, 
at day one the mitochondrial volume shows less change than the cytoplasmic 
volume does, then it shows more change on the following days. Hence, the 
relative mitochondrial volume at first increases then decreases which means that 
the mitochondrial volume declines more rapidly than does cellular volume at 
day two and thereafter. The absolute volume of the ER is seen to shrink faster 
than the absolute cytoplasmic volume at first and then more slowly on succeeding 
days. The surface density of the ER shrinks the fastest of all the cellular values 
and, therefore, this rapid decline in surface area may become rate-limiting for 
steroidogenesis. 

Cell fractionation studies have been the principal source of information about 


the localization of biosynthetic enzymes in steroid-secreting cells of the adrenal 
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cortex. These studies have shown that the enzymes responsible for cholesterol 
synthesis within the adrenocortical cell reside in the microsomes or nearby 
cytoplasm (Christensen and Gillim, 1969). ACTH does stimulate cholesterol 
synthesis from acetate in these cells (McKerns, 1968) but, at least in the rat, this 
source of cholesterol for steroidogenesis does not seem to play a major role. 
Morris and Chaikoff (1959) found that in the intact rat 92-98% of the total adrenal 
cholesterol is taken up from the plasma. Also using the rat, Ichii et al. (1967) 
found a slightly smaller amount of adrenal cholesterol coming from the plasma 
(80-90%) with the remainder being derived from in situ synthesis. 

Cell fractionation studies have also demonstrated that the enzymes responsible 
for corticosteroidogenesis are located in both the mitochondrial and microsomal 
fractions (Samuels and Uchikawa, 1967). These studies have further demonstrated 
that most of these enzymes are found in the microsomal fraction (Samuels and 
Uchikawa, 1967) which is probably a mixture of the SER, RER, and Golgi 
elements. The microsomes, then, probably correspond to my category of the ER. 
Figure 26 shows that the absolute volume of the ER declines steadily until the 
second day after hypophysectomy with vi rtually no change therafter. This 
general pattern of decline in ER volume after eeiiitamiaaians was also seen by 
other morphometric investigators (Nussdorfer and Mazzocchi, 1972; 1973) but 
detailed comparisons cain be made because of differences in the methods of 
presenting the data. 

Figure 25 illustrates how the absolute volume of the mitochondria declines to 


the fourth day after hypophysectomy and then undergoes no further change. The 


4% figures of Table 3 show, however, that the absolute mitochondrial volume has 
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not declined as rapidly as the absolute cytoplasmic volume at day one indicating 
an increase in mitochondrial relative volume at that time period although the 
relative volume then declines steadily thereafter. 

As was mentioned before, cell fractionation studies have shown that while most 
of the enzymes for corticosteroidogenesis occur in the microsomal fraction, some 
occur in the mitochondrial fraction (Samuels and Uchikawa, 1967). Hirshfield 
and Koritz (1964) reported that mitochondrial swelling is an indication of increased 
pregnenolone synthesis in adrenal mitochondria. Since pregnenolone is the first 
step in steroid formation from cholesterol (Samuels and Uchikawa, 1967), mito- 
chondrial swelling may indicate increased availability of this precursor. Koritz 
(1968) states that mitochondrial swelling itself is probably only the manifestation 
of an underlying modification of mitochondrial membranes which may be the 
critical factor in the stimulation of pregnenolone synthesis. 

Even though a slight increase in mitochondrial volume was detected, which 
may reflect mitochondrial swelling, it is nonetheless true that the absolute 


volume of this organelle declines. Thus, yay absolute amount of enzyme available 


for hormone biosynthesis probably also declines and results in decreased corti- 


costerone production. 

Other instances of mitochondrial swelling after hypophysectomy have been 
reported in the literature. Sekiyama et al. (1971) reported an increase in the 
average volume of an individual mitochondrion but a decrease in the average 
_ number of mitochondria per 100 u m? of parenchymal cell cytoplasm of male rates 
three days after hypophysectomy. They also reported an increase in the relative 


volume of fasciculata mitochondria two and three days following hypophysectomy . 
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The authors speculated that this swelling of the mitochondria after hypophysectomy 
must be due to an entirely different process than that which causes mitochondryat 
swelling occurring after administration of ACTH as reported in their companion 
paper (Yago et al., 1971). Apparently, they felt that it was paradoxical that an 
increase in ACT H (via injection) and a decrease in ACTH (via ypupieeucteny 
should both produce mitochondrial swelling. They theorized that a certain small 
amount of ACTH is necessary to maintain the structural equilibrium of fasciculata 
mitochondria and hypophysectomy produces a disruption of this equilibrium. 
Canick and Purvis (1972) in their study of mitochondrial size in the fasciculata 
cells of the intact and hypophysectomized female rat used the same method as used 
by Sekiyama et al. (1971) for quantitatively analyzing changes in the mitochondrial 
population. They also found an increase in mitochondrial size and a decrease in 
mitochondrial number in relation to a given area of fasciculata cytoplasm 4, 7, 
* 11, and 14 days after hypophysectomy. Their data are not presented in relation 
to cytoplasmic or cellular volume so that direct comparisons with the data of the 
present study are not possible. 
The morphometric data of Nussdorfer and Mazzocchi (1972, 1973) that pertain 
to the hypophysectomized rat cannot be directly compared to the data of the 
present investigation a reasons previously stated, but the general trend 


reported for the absolute mitochondrial volume was a decline after hypophysectomy . 


Most investigators report an increase in the lipid content of the fasciculata 


following hypophysectomy (Deane, 1962; Nishikawa et al., 1963; Fujita, 
1972; Canick and Purvis, 1972). The present quantitative investigation confirms 


this result (Table 3 and Figure 25) . Since corticosterone production has virtually 


ceased following hypophysectomy, * lipid droplets, composed mostly of cholesterol 
and cholesterol esters which are the precursors for the synthesis of corticosterone 


(Deane, 1958; Moses et al., 1969), accumulate in the fasciculata and reticularis. 


The cause of this accumulation is presumed to be a loss of the membranes of the 
mitochondrial cristae and the SER and a loss or inactivation of the associated 
enzymes, which are responsible for corticosterone synthesis (Christensen and 
~Gillim, 1969). ACTH does stimulate cholesterol synthesis but as was pointed out 
before, at least for the rat, this source of cholesterol appears to play a minor 


role in steroidogenesis. As the quantity of mitochondria and SER decreases after 


*Tchen (1968) points out that the fluorescent technique for measuring plasma 

levels of corticosterone (as was used in the present study) is not strictly 

specific for corticosterone and the basal level of secretion seen after hypophys- 

ectomy is due mostly to secretion from the zona glomerulosa (aldosterone) .’ 

More sophisticated techniques such as a competitive protein binding technique ' 


as used by Colby et al. (1974) have shown, for example, that the plasma levels 


of corticosterone can decline from 14.6 ug/100 mi in the intact female rat to 
0.8 ug/100 mi one week after hypophysectomy. A drop from 14.6 yg/100 mi to 


2.3 ug/100 mi is seen the first day after hypophysectomy . 
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.hypophysectomy, cholesterol utilization declines as well allowing unused 
cholesterol to accumulate in the cells in the form of lipid droplets. Mostafapour 
and Tchen (1971) have shown that the capacity of the rat adrenal cortex to pro- 
duce corticosterorie in vitro declines to a very low level within 6-12 hours after 
_hypophysectomy. Quantitative morphometric studies of adrenocortical cells have 


not been performed for these early time periods but the results of such a study 


should be informative. Nussdorfer and Mazzocchi (1972, 1973) are among the 


few investigators who find a decrease in the lipid content of the zona fasciculata 
in the rat after hypophysectomy. They also report finding virtually no qualitative 
changes in fasciculata cells of rats 9-10 days after hypophysectomy as compared to 
the intact control rats. ‘This lack of qualitative ultrastructural alteration 9-10 days 
after hypophysectomy is contrary to the-findings of the present investigation as 
well as to those of Fujita (1972) and Canick and Purvis (1972). It would seem 
that the completeness of hypophysectomy is doubtful in the work of Nussdorfer 
and Mazzocchi although they state in their 1973 paper, but not in their 1972 
paper, that this point was checked by the interruption of the animal's growth, 
by the decrease in adrenal size, and by direct examination of the sella turcica 
with a dissecting microscope. No corticosterone sien level determinations 
were done in these two studies. Be that as it may, their data cannot be compared 
with the data of the present investigation for the reasons stated previously. 

| believe that caution should be exercised with respect to two problems — 
dealing with morphometric analysis of steroid-secreting cells. First of all, one 


‘should be cautious about the interpretation of morphometric data when only 
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relative values are given. It has already been pointed out how the relationship 
between the rate of cell shrinkage and the rate at which a cellular component is 
changing can turn a real increase into an apparent decrease and vice versa. 


Because of this, | think that both relative and absolute values are necessary in 
order to accurately evaluate what is occurring within cells subjected to experi- 
mental manipulation. Of course, relative values can be calculated from 


absolute values, thus the presentation of only absolute values is an acceptable 


procedure. Secondly, | feel care should be exercised in choosing a single 


morphological parameter as the most important indicator of the functional activity 


of a steroid-secreting cell. The selection of the quantity of SER for this indicator 
as advocated by Nussdorfer (1970a) seems debatable at least in regards to the 


present investigation. For one thing, present data indicate a general decline in 


both mitochondrial relative and absolute volumes (Figures 23 and 25). It can 


be seen that the absolute mitochondrial volume curve follows the corticosterone 
curve more closely than the absolute ER volume curve does after hypophysectomy 
(Figure 25). For another, if a single morphological parameter had to be chosen 
as an indicator of the functional activity of a fasciculata parenchymal cell for the 
present study, it would have to be the surface density of the ER (Figure 27). 
Here is found the closest agreement between the curves for any of the absolute 
values and the curve for the corticosterone plasma determinations. However, | 
think that it is unwise to select any one single parameter to serve that function. 
Since the mitochondria, ER, and lipid droplets are all implicated in steroido- 
genesis, | think that the way that the quantities of all these components interact 


within an adrenocortical cell is the proper indicator of the physiological activity 


of that cell 


| 
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It is evident that further studies are needed on the ieresereterdl 
alterations induced by hypophysectomy on rat adrenocortical cells. For 
instance, it would be interesting to do a morphometric study on the Golgi 
apparatus to see if the quantity of this organelle actually diminishes after 
hypophysectomy as has been assumed. The results might shed some light on 
the function of the Golgi apparatus in a steroid-secreting cell which, at the 
present time, is obscure. Morphometric studies should be conducted on 
residual bodies to better define their role in degenerating adrenocortical 
cells. 

. The Zona Intermedia 
The zona intermedia only occurs as a well defined zone in the rat, cat, 


dog, sheep, rabbit and horse (Cater and Lever, 1954). Even in the rat, it 


\ 


is not present for the full life of the animal as it cannot be clearly identified 
in the adrenals histologically or histochemically during the 6th to the 26th 
week of life although it is present before and after this time (Cater and 
Lever, 1954). These authors also suggest that the presence or absence of 
the intermediate zone depends on the functional activity of the anterior 
pituitary, for when a hypophysectomized rat is treated with ACTH, the 
lipid-free cells of the zona intermedia soon fill with lipid making them 
indistinguishable from the lipid-containing cells of the zona fasciculata. 
Once again, it must be remembered that the chief distinguishing character- 
istic of the zona intermedia is that it contains a very small quantity of 


lipid droplets. For the above reasons, some authors do not mention the 


. zona intermedia in their studies of the wi aia of the rat while others 
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have included it with either the glomerulosa or fasciculata of the rat's adrenal 


cortex. 

Controversy surrounds the origin and the function of the intermediate zone. 
Mitchell (1948) using colchicine to arrest mitosis in metaphase, saw very few 
mitotic figures within the zona intermedia and considered this zone to be an 
area of nondividing cells. Many authors agree that the center = centers of cell 

| proliferation in the adrenal cortex reside in either the glomerulosa or outer 
fasciculata (Hoerr, 1931; Mitchell, 1948; Cater and Lever, 1954; Walker and 
Rennels, 1961; Wright, 1971). Mitchell theorized that cells proliferating from 
the outer fasciculata forced cells against other rapidly dividing cells from the 
inner glomerulosa creating a band of small compressed cells, his so-called 
"zone of compression" P which corresponds to the zona intermedia. Cater and Stack- 
Dunne (1953) also described the intermedia as a mitotically inert zone. Cater 
and Lever (1954) counted mitotic figures in the rat's entire adrenal cortex 
and found the fewest number of cells in mitosis in the zona intermedia. Their 
investigation revealed the greatest number of mitotic figures to be in the outer 
fasciculata and in the inner glomerulosa. This evidence prompted them to sug- 
gest that the zona intermedia may be formed as the result of rapid cell division 
in these two orach Pend and Young (1963) using tritiated thymidine, which is 
rapidly incorporated into replicating DNA, and autoradiography for detection 
of the presence of label, found much label and one fourth of all the mitotic 


figures in the intermediate zone of 6-10 day old rats. Most of the rest of the 


mitoses were found in the outer fasciculata and glomerulosa so that they con- 


sidered these three regions together to be the center of cell generation in these~ 
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young rats. Wright (1971) also used tritiated thymidine to label the adrenocorti- 
“cal nuclei of 14 day-old male rats. He found the highest index of labelling to be 

in the "proliferative zone" which corresponds to the zona glomerulosa, the 

zona intermedia and the outer fasciculata. Reiter and Pizzarello (1966), again 

using tritiated thymidine, demonstrated the presence of numerous mitoses in 

the intermedia of four month-old male rats. 

It can be concluded that the site of origin of cells replacing effete cells in the 
adrenal cortex has not been conclusively demonstrated. It is probable that this 
site is different in younger and older animals. The discrepancies with respect 
to the zona intermedia are most troublesome and should be resolved by further 


experimentation. 


Cater and Lever (1954) proposed a possible function for the zona intermedia. 


They considered the zona intermedia to be a zone of capillary compression with 
the amount of compression being directly proportional to the degree of cell 
packing within the intermedia. The longer the time after hypophysectomy, the 
greater the cell packing, resulting in a decrease in the vascularity of the zona 
intermedia as ibaiiees to an intact rat. The authors believe that the anterior 
pituitary, by altering the degree of compression in the intermedia does, thereby, 
exercises some control over capillary blood flow. They further mention that 

fine nerves have been described in relation to the walls of the arteriae corticis 

in the outer layers of the adrenal cortex of the rat (Lever, 1952) and that it is 


probable that these nerves provide vasomotor control over the arteriae corticis. 


They suggest, therefore, that in the rat, rapid changes in blood flow through the 
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outer cortex could be mediated by vasomotor control of the arteriae corticis 
while a slower control of blood —_ might be effected by the amount of capillary 
compression within the zona intermedia presumably under the influence of ACTH. 
In view of the fact that the zona intermedia increases in width with time after 
hypophysectomy, at least up to fourteen days, it would seem that a decreased 
blood flow in this zone as suggested by Cater and Lever would be incompatible 
with an increase in the width of this zone. On the contrary, decreased blood 
flow might — to atrophy of the zona intermedia but it is evident that this is 
exactly what the intermedia does not do. 

Although no quantitative studies have been done, the scarcity of lipid droplets, 
the decrease in number of Golgi complexes (present observations) and decrease 


in size of the mitochondria (present observation) in cells of the zona intermedia 


of the hypophysectomized animal as compared with cells of the zonae glomerulosa 


and fasciculata of the adrenocortex of the intact animal would seem to point to this 


zone as being one of cell inactivity. 
On the bases of these observations, | would like to suggest a theory about the 
origin and function of the zona intermedia as well as to suggest some experiments 
| 
| to support or disprove this theory. | suggest that the zona intermedia is a dor- 
mant zone of inactive cells. Certain cells in the outer fasciculata and possibly 
the inner glomerulosa might possess an anti-atrophy factor such that when ACTH 
is at a low plasma concentration or absent from an animal ions cells would not 
atrophy but would assume a dormant condition. | Ffealize that there is no prior 


evidence for such a factor but, as yet, no one has looked for one. It is possible 


that the zona intermedia is not under control of ACTH but existing evidence indi- 
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cates that itis. Cater and Lever (1954) specifically state that there is no doubt 


that the zona intermedia is subject to the influence of the anterior pituitary, for 
when hypophysectomized rats are treated with ACTH, the lipid-free cells of the 


intermedia become filled with lipid. Furthermore, if treatment is continued, 
the cells of the zona intermedia become indistinguishable from the lipid-filled 
zona fasciculata cells. This view that the zona intermedia is under control of 
ACTH is also shared by Dalton et al., 1944; Greep and Chester Jones, 1950; 
Vasama et al., 1957. In this dormant condition this band of lipid-fre cells 


would be the zona intermedia. This anti-atrophy factor is repressed by ACTH so 


that when the plasma concentration of ACTH is increased or restored to the ani- sel 


mal, the cells of the zona intermedia would be stimulated to differentiate into 
fasciculata or possibly into glomerulosa cells. The concentration of this factor 
would be greatest in cells in the outer part of the intermedia and decrease in an 
inwards direction, thus accounting for the alterations in width of this zone as 
plasma concentrations of ACTH varied. | am speaking of long term variations of 
ACTH, as for example, increases during periods of growth and decreases that 
accompany the aging process or an experimentally created deficiency as occurs 
after hypophysectomy as compared to short term variations that occur during 
periods of stress. Farese (1968) has shown that ACTH is necessary for the growth 
of the adrenocortex. Cater and Lever (1954) have demonstrated in the rat that 

the zona intermedia is present from birth to the 6th week of life, is absent between 
the 6th and 26th weeks of life and then reappears becoming increasingly promi- 


nent thereafter as the rat ages. Some insight into this problem might be gained if 


the PrOyae concentrations of ACTH were determined at the various time periods to 


sh to see if a correlation existed between the levels of ACTH and the presence or 
absence of the zona intermedia. | According to this theory, the intermediate zone 
becomes increasingly more prominent as the rat ages probably because ACTH 
secretion is diminishing with age. 
An experiment could be neviaiued to see if the cells of the zona intermedia 
originate from existing cells or as a product of new cell division. Hypophys- 
ectomized rats injected with tritiated thymidine would be sacrificed 4, 10 and 
14 days after oucaery. Their adrenal tissues could then be studied by auto- 
radiography to see if the adrenocortex contained label. If label were found 
ty in the cells of the zona intermedia, it would be evidence that these cells had 
arisen as a — of new cell division. 

The presence of a zona intermedia would convey a certain survival value 
to an animal as it would supply a band of cells resistant to atrophy due to a 
decrease or removal of ACTH and would be a source of viable cells that could 
be quickly converted into fasciculata cells without immediate need of the slower 


cell division process. 
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Figure 1.‘ The zona fasciculata of the intact male rat. 1 4,000X 
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Figure 2. A higher magnification of the zona fasciculata of the intact male 


rat. 46,000 X 


70 
x 


= 
~ 


Figure 3. A diagram of the biosynthetic pathways of the principal 


corticosteroids. 
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=0 
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Estredio! deexycertisel 
B hydroxylose 
Certisel 
Enzyme Zonal Localization ' Subcellular Locahzation 
Pregnenolone synthetase All zones Mitochondna 
3°-3A-hydroxy-steroid dehydrogenase All zones Microsomes 
21 hydroxylase All zones Microsomes 
11 £ hydroxylase All zones Mitochondria 
17 a@ hydroxylase Fasciculata and reticularis Microsomes 
18 hydroxylase Glomerulosa Mitochondna 


Diagram showing the pathways taken in the biosynthesis of the principal corticosteroids The zonal distribution 
and subcellular distribution of the most important enzymes are given in the table. 


XUM 


| 
Chelestere! 
4 pregnenolone synthetose 
CH, 
Pregnencione 
=O 


72 


to 


Figure 4. An illustration of some of the test systems used in the technique of 


morphometric analysis. 
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Figure 5. A graph illustrating the relationship between relative error in 


volume density estimation Ey,,, relative volume \,, and test 


point number PL. 
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Figure 6. Morphometric model of the fasciculata parenchymal cell with 


morphometric parameters. 
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Figure 7. ‘The zona fasciculata of the rat one day after hypophysectomy. 


15,000X 
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Figure 8. A higher magnification of the zona fasciculata of the rat one day 
after hypophysectomy showing the presence of a dense granule 
within a mitochondrion (arrow) and an increased incidence of 


tubular cristae appearing in some mitochondria. 46,000X 
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Figure 9. The zona fasciculata of the rat two days after hypophysectomy . 


The arrows point out what appears to be two unmyelinated nerve 


fibers. 15,000X 
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Figure 10. 


The zona fasciculata of the rat two days after hypophysectomy . 
Note the cell in the upper right hand corner possessing mito- 


chondria containing vesiculo-tubular or tubular cristae and the cell 


in the left side of the field which might be the precursor of a 


blood cell. 14,000X 
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Figure 11. A higher magnification of the zona fasciculata two days after 


hypophysectomy. Note the tubular shape of the SER, the two 


small residual bodies, and the intramitochondrial tubules (arrow). 


46,000X. 
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Figure’ 12. The zona fasciculata of the rat four days after hypophysectomy . 


Note the great variation in the size of the mitochondria. 15,000X. 
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Figure 13. A higher magnification of the zona fasciculata four days after 


hypophysectomy. The arrow points out a bit of the scarce RER. 


46, 000X. 
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Figure 14. The zona fasciculata of the rat ten days after hypophysectomy. 


Most nuclei are no longer spherical at this time. 14,000X. 
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Figure 15. The zona fasciculata of the rat ten days after hypophysectomy . 


This is an illustration of the great accumulation of lipid droplets 


occurring in parenchymal cells as well as other cell types (arrows) 


at this time. 14,000X. 
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Figure 16. A higher magnification of the zona fasciculata ten days after 


hypophysectomy. Note the irregular mitochondria containing 


vesiculo-tubular cristae. Notice, also, the still quite numerous 


profiles of SER. 46,000X. 
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Figure 17. A higher magnification micrograph of the zona fasciculata of the 


rat ten days after hypophysectomy. 46,000X. 
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Figure 18. The zona fasciculata of the rat ten days after hypophysectomy . 


Notice the unusual arragement of the SER. 44,000X. 
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Figure 19. 


The zona fasciculata of the rat fourteen days after hypophysectomy . 


Note the enormous accumulation of lipid droplets and the small 


size of the mitochondria containing mostly vesicular cristae. 


14,000X. 
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Figure 20. A low magnification micrograph of the zona fasciculata of the rat 


fourteen days after hypophysectomy. Almost the entire field is 
occupied by one parenchymal cell. Note the small irregularly 


shaped mitochondria possessing vesicular or vesiculo-tubular 


cristae. 15,000X. 
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Figure 21. A high magnification micrograph of the zona fasciculata fourteen 


days after hypophysectomy. Note that the SER is poorly 


developed. 46,000X. 
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Figure 22. A high magnification micrograph of the zona fasciculata fourteen 


days after hypophysectomy. This micrograph is the same 


magnification as that of Figure 21. Observe the huge quantity of 


SER seemingly flowing through the cytoplasm. 46,000X. 
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Figure 23. A graph of the relative volumes of the various parameters plotted 


against time after hypophysectomy . 
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Figure 24. A graph showing the decline in absolute volume of the fasciculata 


parenchymal cell after hypophysectomy . 
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Figure 25. A graph illustrating how the corticosterone plasma levels and the 


absolute volumes of mitochondria and lipid vary with time after 


hypophysectomy . 
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Figure 26. A graph illustrating how the corticosterone plasma levels and 


the absolute volumes of the cytoplasmic matrix and ER vary with 


time after hypophysectomy . 
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Figure 27. A graph comparing the decline in corticosterone plasma levels 


and the surface density of the ER with time after hypophysectomy . 
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Figure 28. The zona intermedia of the rat four days after hypophysectomy . 


This area borders on the zona glomérulosa and illustrates 


mitochondria that resemble those of the glomerulosa. 15,000X. 
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Figure 29. A higher magnification of the zona intermedia of the rat four days 


> 


after hypophysectomy. 50,000X. 
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Figure 30. The zona intermedia of the rat four days after hypophysectomy. 


This area borders on the zona fasciculata and illustrates 


mitochondria that resemble those of, the fasciculata of the 


intact rat. 14,000X. 
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Figure 31. | 


A higher magnification of the zona intermedia of the rat four days after 
hypophysectomy. This area borders on the zona fasciculata and 


illustrates mitochondria that resemble those of the fasciculata of 


the intact rat. 48,000X. 
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Figure 32. The zona intermedia of the rat ten days after hypophysectomy . 
This area borders on the zona glomerulosa and illustrates 


mitochondria that resemble those of the glomerulosa of the intact 


rat. 20,000X 
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Figure 33... higher magnification of the zona intermedia of the rat ten days 


- after hypophysectomy. This area is from the same field as Figure 32. 


46, 000X. 
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Figure 34. The zona intermedia of the rat ten days after hypophysectomy . 


This area borders on the zona fasciculata and illustrates 


mitochondria that resemble those of the fasciculata of the 


intact rat. 15,000X. 
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Figure 35. A higher magnification of the zona intermedia of the rat ten days | 


after hypophysectomy. This area is from the same field as 


Figure 34. 46,000X. 
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Figure 36. 


The zona intermedia of the rat ten days after hypophysectomy . 
This field was taken from the middle of zone and illustrates the 
two different cell types discussed in the text existing side by side. 
The cell on the left possesses mitochondria resembling those of 
glomerulosa cells from intact rats and the cell on the right 
possesses mitochondria resembling those of fasciculata cells from 


intact rats. 20,000X. 
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Figure 37. A higher magnification of the zona intermedia taken from the same 


field as Figure36. 44,000X. 
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Figure 38. The zona intermedia of the rat fourteen days after hypophysectomy . 


This area is taken from the middle of the zone to illustrate the 


diversity of mitochondrial types present. The arrow points out a 


branched mitochondrion. 14,000X. 
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Figure 39. A higher magnification of the zona intermedia of the rat fourteen 
days after hypophysectomy taken from the same field as Figure 38. 
The arrows point out the moderate amount of SER present, a 


clump of glycogen particles, and the presence of dense granules 


within some of the mitochondria. 44,000X. 
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TABLE 1: Relative Volumes of Morphometric Parameters of Fasciculata Parenchymal Cytoplasm 
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Days after hypophysectomy Control 1 day 2 days 4 days 10 days 14 days 
Volume of mitochondria % 41.8 42.9 40.6 38.2 31.9 27.7 
S.E.M. 0.5 0.7 1.1 2.9 1.1 1.3 
4% +3 -3 -9 -24 -34 
P N.S. N.S. N.S. <0. 005 <0. 005 
Volume of lipid % 2.1 14.2 16.1 19.6 21.1 23.1 
S.E.M. 0.5 1.3 0.7 3.3 1.0 2.0 
4% +576 +667 +883 +905 +1000 
P <0.005 | <0.005 | <0.005 <0.005 <0.005 
Volume of endoplasmic % 12.4 11.5 9.4 13.9 15.8 13.3 
reticutum S.E.M. 0.6 0.3 0.8 0.3 0.6 0.9 
4% -7 -24 +12 +27 +7 
P N.S. | <0.01 <0. 05 <0.005 N.S. 
Volume of cytoplasmic % 43.7 31.4 33.9 28.3 31.1 35.9 
matrix | 
S.E.M. 0.8 1.8 0.6 0.5 0.6 2.4 
4 % -28 -22 -35 -29 -18 
P <0.005 <0.005 <0.005 <0.005 <0.01 
Volume of nucleus % 9.0 9.7 11.5 11.4 9.1 7.3 
S.E.M. 0.5 0.5 0.4 0.4 0.8 0.7 
4 % +8 +28 +27 +1 -19 
P N.S. | <0.005 | <0.005 N.S. <0.05 
Volume of cytoplasm % 91.0 90.3 88.3 88.6 90.9 92.7 
S.E.M. 0.5 0.5 0.4 0.4 0.8 0.7 
4 % -1 -3 -3 0 +2 
P N.S. | <0.005 | <0.005 N.S. <0.05 


*The values for the relative volumes of the mitochondria, 


matrix are given in relation to the cytoplasmic volume. N.S. = not significant (P >0.05). 
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TABLE 3: Absolute Volumes of Morphometric Parameters of Fasciculata Parenchymal Cytoplasm. 


Days after hypophysectomy 


Control 


2 days 


4 days 


10 days 


Volume of cell 


1213.1 
37.7 
-51 
<0.005 


756.1 
39.8 
-69 
<0.005 


767.5 
94.0 
-69 
<0.005 


Volumes of nucleus 


> Me 
vez 


3 
w 


139.0 

5.6 
-36 
<0.005 


Volume of cytoplasm 


> ™ 


= 


1074.0 
35.2 
-52 
<0.005 


700.9 
91.5 
-69 
<0.005 


Volume of 
mitochondria 


4 


Ue 


436.7 
22.3 
-54 
<0.005 


220.8 
24.2 
-77 
<0.005 


Volume of lipid 


= 


173.4 


150.8 
26.5 
+208 

<0.005 


Volume of endo- 
plasmic reticulum 


111.9 
16.3 
-59 
<0.005 


Volume of cyto- 
plasmic matrix 


217.5 
26.8 
-78 

<0. 005 


Surface density 
of endoplasmic 
reticulum 


16, 437.4 
398.3 


4466.5 
131.5 
-73 
<0.005 


*The values for the absolute volumes of the mitochondria, lipid endoplasmic reticulum, cytoplasmic 


matrix and surface density of the ER are given in relation to the cytoplasmic volume. 


110 
ym? 2465.8 1674.7 940.0 
S.E.M. 218.8 60.4 63.4 
4 % -32 -62 
Pp <0.005 <0. 005 
Pe 216.2 161.3 85.7 66.7 66.9 
7.6 5.0 2.9 2.8 2.4 
-25 -60 -69 -69 
<0.005 <0.005 <0.005 <0.005 
2249.6 1513.4 670.4 873.0 
211.7 62.3 37.3 64.7 
-33 -70 -61 
<0.01 <0.005 <0.005 
po | 943.9 650.8 253.2 242.6 
7 95.3 36.2 15.3 23.7 
-31 -73 -74 
<0.01 é 0.005 <0.005 
um 216.3 135.1 202.0 
po 23.0 9.8 29.3 21.2 
+342 +255 +176 +313 
P <0.005 <0.005 <0. 01 <0.005 
pe um3 275.4 175.3 100.1 92.9 114.1 
S.E.M. 19.8 11.3 5.3 4.9 6.7 
% -36 -64 -66 -59 
P <0.005 <0.005 <0. 005 <0.005 
po um 981.5 471.3 363.9 189.3 314.2 
S.E.M. 94.4 17.8 16.0 8.8 32.4 
4 % -52 -63 -81 -68 
P <0.005 | <0.005 | <0.005 <0. 005 
um 8401.8 | 5229.8 | 4458.0 4951.4 
S.E.M. 340.7 210.9 189.5 415.9 
4 % -49 -68 -73 -70 
Pp <0.005 | <0.005 | <0.005 <0. 005 
“4 
= 
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APPENDIX 


Method for Determining Corticosterone Plasma Levels 
This fluorometric method is a modification of the one developed by 
Guillemin et al., (1959). 
Plasma, 0.5 ml sample: 

1. Partition and Extraction. 0.5 ml of plasma is placed in a 15 ml 
centrifuge tube. The volume is brought to 2.0 mi with distilled 
water. Add 4.0 ml isooctane; mix with a vortex stirrer for 15 seconds 
and then centrifuge fo 3-4 minutes. Aspi rate off isooactane layer and 
discard. Add 2.0 ml distilled water followed by 5.0 ml chloroform. 
Mix for 60 seconds, and a thick emulsion forms. Centrifuge for 10 
minutes; aspirate off top aqueous layer and discard. 

. NaOH Washing. Add 0.5 ml O,IN NaOH. Shake gently for 15 seconds 


and freeze in dry ice to facilitate removal of emulsion. Thaw and gently 


invert tube to further remove emulsion. Centrifuge for 3-4 minutes. 


. Extraction in H,SOy. Transfer 4.0 ml of the chloroform extract 
(bottom layer) to another 15 ml centrifuge tube. Add 0.6 ml of absolute 
ethanol and 1.4 ml 30 N H2SO,y to make up 2 ml of solution (a ratio of 
3: 7 volume by volume). Note time here. Mix for 15 seconds. Aspirate 
off chloroform (top layer) and discard. 
. Fluorometry. About 1.0 ml of the acid extract is transferred to fluoro- 


meter tubes. Read 60 minutes after adding H.SO,. A Turner fluorometer 


was used. 
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Standard. 0.75 mi of a stock solution containing 2.0 ug corticosterone 


per ml in absolute ethanol is placed in a 50 mi centrifuge tube and care- 
fully evaporated to dryness by a stream of air. Add 2.0 ml of distilled 


water and run through the whole procedure along with the unknowns. 
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